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ABSTRACT

Human postural control depends on the continuous integration of visual,
vestibular, and somatosensory information; however, its objective
evaluation often requires high-cost equipment. The objective of the present
study was to quantify alterations in postural control through the dynamic
analysis of corrective ankle torque under a progressive multisensory stress
protocol.

To this end, 31 young adults were evaluated using a low-cost architecture
composed of a Kinect sensor and a custom-adapted force platform. The
protocol consisted of eight levels that combined Non-Immersive Virtual
Reality stimuli and proprioceptive alteration through unstable surfaces.
The extracted metrics included torque magnitude, percentage of maximum
functional range usage, and Settling Time (ST). The results demonstrated
that surface instability is the factor with the greatest impact, increasing the
mechanical demand (from 18% to 38% of the functional range) and
significantly increasing ST compared to isolated visual conflicts.

Despite this increase, subjects maintained a wide reserve of physiological
stability, without risk of falling. It is concluded that the parametrization of
ankle torque and ST constitute highly sensitive biomarkers for
characterizing the latency of sensory reweighting. The proposed
architecture validates the use of accessible tools for balance monitoring,
projecting its future application in personalized neurorehabilitation
protocols.
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1. Introduction

Postural control (PC) during standing is a dynamic and
highly complex process that arises from the continuous
integration and rebalancing of afferent information from
the visual, vestibular, and somatosensory systems!. The
fundamental objective of this neuromotor control system
is to maintain Centre of Mass (CoM) of the body within
the anatomical and functional limits dictated by the base
of support (BoS), thereby ensuring stability in the face of
internal or external disturbances2.

From a classical biomechanical perspective, during static
standing or in the face of moderate disturbances, the
human body is efficiently modelled as a simple inverted
pendulum that pivots almost exclusively on the ankle
joint2. Under this paradigm, the Central Nervous System
(CNS) regulates the position of the CoM by actively
modulating the Centre of Pressure (CoP) through the
contraction of the plantar and dorsal flexor muscles. The
spatial difference between the CoP and the vertical
projection of the CoM is directly proportional to the
angular acceleration of the body, which mechanically
translates into a corrective moment or torque at the ankle
joint3. Thus, the timely and appropriate generation of this
torque constitutes the primary physiological feedback
mechanism for counteracting the force of gravity and
stabilizing the body4.

Recent research has shown that the intrinsic stiffness of the
ankle and the torque generated in this joint vary
significantly in response to various mechanical and
postural demands. However, the biomechanical
behaviour of ankle torque under conditions of induced
sensory conflict remains an area of study that requires
further investigation.

In recent years, the positive clinical impact of therapies
based on non-immersive virtual reality (NIVR) applied to
neuromotor rehabilitation has been demonstratedé?. The
incorporation of these virtual environments, in synergy
with the deliberate disruption of the systems involved in
the PC, introduces sensory stress that directly challenges
the mechanisms of visuosomatosensory integration.
Assessing how corrective ankle torque adapts to these
stimuli is of vital importance, since the inability to
generate a moment of force with the necessary speed
and precision is intrinsically associated with instability
and a consequent increase in the risk of falls3.

Despite the clinical relevance of measuring these dynamic
variables (CoM, CoP, and ankle torque), traditional
posturography typically relies on laboratory equipment
that is extremely expensive and difficult to access in
everyday medical practiced®. In the current literature,
some authors410.11 record ankle torque and CoM using
complex ecosystems that integrate AMTI® force
platforms, VICON® optoelectronic capture systems,
motorized robotic simulators, Virtual Reality (VR)
environments, and electromyography (EMG). Along these
same lines'2, use the SMART DX system (equipped with
18 reflective markers) and EMG to analyse CoM and the
kinematics of the trunk and pelvis. For the study of CoP,
it is used from some authors instrumented insole systems
such as Loadsol and Pedar'3, while others use the high-

precision Kistler® 9260AA force platform'4. The limited
alternatives to this commercial equipment include
piezoresistive analysis using mats such as MatVelo or
Seating Mat in conjunction with Pasco PS-2141
platforms’>, or kinematic analysis under mechanical
disturbance on unstable bases using LED markers and
high-speed cameras’e.

Given that conventional methodologies require very high
budgetary investments, there is a pressing need to
develop and validate low-cost architectures that
integrate force measurement and kinematics in a
synchronized manner. Validating these tools would allow
for the rigorous and cost-effective estimation of the
behaviour of the model of the inverted pendulum in real-
world clinical assessment and rehabilitation settings.

Based on this premise, the primary objective of this study
is to evaluate the impact of multisensory stress—induced
by NIVR environments and unstable surfaces—on PC
strategies. To this end, variations in the demand for
corrective joint torque and limits of stability (LoS) will be
quantified using a low-cost multimodal measurement
system.

2. Materials and Methods

Human postural control is a complex and dynamic
neuromechanical process whose primary goal is to
maintain the CoM within the boundaries of the BoS. To
achieve this balance efficiently, the CNS relies on
continuous and redundant input from three main sensory
systems: the visual system (eyes), which provides spatial
and vertical references relative to the environment; the
vestibular system (inner ear), which detects linear and
angular  accelerations of the head; and the
somatosensory /proprioceptive system (muscles, joints,
and skin), which provides information on the relative
position of body segments and the interaction of support
with the surface.

All this peripheral information is sent to the brain, where
a process of multisensory integration takes place. The key
structures responsible for processing, weighing, and
resolving potential conflicts between these signals are the
brainstem (responsible for reflex and automatic
responses), the cerebellum (which refines coordination,
timing, and motor adaptation), and the cerebral cortex
(responsible for conscious spatial perception and
cognitive anticipation).

Once the brain processes the current state of the body in
relation to the demands of the environment, it generates
a motor response that is transmitted to the effector
system: the musculoskeletal system. Through the
coordinated activation of muscles and the stabilization of
joints (particularly the ankle and hip), the body executes
the corrective torques necessary to counteract gravity
and any external disturbances. If we draw an analogy
with a control system, the CNS would be the controller of
our system, the visual, somatosensory, and vestibular
systems would be inputs to our control system, our body
through the musculoskeletal system would be the plant of
our system, and the output of the system would be the PC.
(Figure 1).
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In this context, VR—such as that used in the Asteroid Rain
Rehab®  environment”.'7—is  introduced as «a
methodological tool for evaluating and stressing this
control loop. VR has a direct and predominant effect on
the visual system, stimulating it with visual information that
simulates movement or environmental instability, acting as
a disturbance in our control system. This creates a sensory

proprioceptive system) that increases the cognitive and
sensory load of the patients'8. By altering the reliability
of sensory inputs, postural control is forced to re-weigh
the signals from the systems, thereby allowing us to
quantify the efficiency and adaptive capacity of the
effector  (musculoskeletal)  system in  unstable
environments, as outlined in the protocol of this study.
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Figure 1: Schematic diagram of postural control system.

2.1. PARTICIPANTS

A sample of 31 participants (13 men and 18 women) was
recruited, with a mean age of 25.66 * 8.37 years, an
average height of 167 * 8.35 cm, and a weight of 73.62
+ 18.57 kg. Inclusion criteria required participants to
have normal or corrected vision, no history of vestibular,
neurological, or musculoskeletal dysfunction, and a Test
Timed Up and Go (TUG) score of less than 12 seconds.

The validation protocol did not involve invasive
procedures or health risks; it was not necessary to submit
the project to an institutional ethics committee for
evaluation. Nevertheless, compliance with current
Argentine national legislation and regulations was
guaranteed, in particular the Personal Data Protection
Law 25.326 and Resolution 1480 of 2011 of the
National Ministry of Health, which approves the Guide
for Research with Human Subjects. Within this work, the
confidentiality of the information was safeguarded, and
voluntary participation was ensured through the signing
of an informed consent form by all participants. Likewise,
the ethical principles for biomedical research involving
human subjects established in the Declaration of Helsinki
were strictly followed.

2.2. INSTRUMENTATION AND VIRTUAL ENVIRONMENT

Postural stability was quantified by a synchronized

multimodal measurement system. This design consisted in

two subsystems:

e Kinematics: A Microsoft Kinect® v2 sensor'? with a
native sampling rate of 30 Hz was used, positioned
at a height of 110 cm and 270 cm from the subject,
to record the three-dimensional position of the mid-
spine (SpineMid marker), used as an approximate
anatomical estimator of the CoM.

o Kinetics: For data capture, a force platform based
on hardware adaptation of a Wii Balance Board®
(Nintendo) was used. The structure incorporates four
strain gauge-type load cells (arranged at each
corner of the base) for force recording. Each of these
cells has an individual load capacity of 50 kg,
forming a full Wheatstone bridge configuration with
a theoretical maximum load capacity of 200 kg. The
signal generated by the sensors is amplified and
digitized using HX711 analog-to-digital (A/D)
converter modules, which ensure high resolution in
force readings20. The data is then transmitted via USB
to a workstation using a Beeduino® 2560
microcontroller. Experiment control and real-fime
signal processing are managed through a custom-
developed software interface, which enables
synchronous visualization?!.

Sensory deprivation was induced using the NIVR Asteroid
Rain Rehab® video game, which was specifically
designed for upper limb rehabilitation. The plot of the
game involves preventing a shower of asteroids from
destroying Earth (Figure 2). The player interacts against
a galactic backdrop and sees two targets on the screen
representing hand movements, which destroy the
asteroids. The environment was developed using the
Unity® graphics engine. Motion capture is performed
non-immersively via the Kinect® V2 sensor. The game
allows the medical professional or therapist to configure
key parameters to adjust the difficulty to the residual
abilities of the patient’. This protocol was configured to
generate body movements with objects moving at a
speed of 15 m/s and appearing every 1.5 seconds.
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Figure 2: Asteroid Rain Rehab® virtual environment interface and levels of sensory disruption. (a) Calibration screen
and initial configuration of the effectors. (b) Standard game scenario on a stable surface, designed to stimulate the

visual system.

2.3. EXPERIMENTAL PROTOCOL
The inclusion of VR is biomechanically justified by its
ability to induce a phenomenon known as sensory
reweighting. According to the literature??, exposure to
virtual environments generates a visuovestibular conflict
that forces the CNS to reduce visual reliance and increase
the gain of somatosensory and vestibular inputs to
compensate for contradictory or delayed visual
information. Based on this premise, a protocol consisting
of eight levels of increasing difficulty was designed,
introducing controlled perturbations into the three pillars
of the CP:

1. Visual System: Modified using the Asteroid Rain
Rehab® virtual environment and open/closed-eye
conditions.

2. Proprioceptive System: Disturbed through the use of
an unstable surface (16 em thick high-density foam),
restricting plantar feedback.

3. Vestibular System: Stressed by inducing kinetic
vertigo, performing two rotations around its axis.

This protocol was divided into the following phases (Table

1):

e Test phase: The TUG test involves measuring the time
it takes for a person to stand up from a chair, walk 3

meters at their usual pace, turn around, return to the
chair, and sit down. Two attempts are made, and the
best time is recorded?3.

Static Phase and Functional Limits (L1-L2): At level
L1, the volunteer was asked to step onto the platform,
and over a 10-second period, each LoS (Figure 3a)
was assessed; these were defined as the maximum
distance the CoM could shift without altering the BoS.
To assess the anterior stability margin, the classic
Functional Reach Test (FRT) validated by Duncan, et
al.24, was used. Since the PC requires responses in
multiple  directions, this measurement  was
supplemented with validated adaptations of the test
to assess the posterior limit (Posterior Reach - PRT)
and the maximum excursion in the mediolateral plane
(Left and Right Lateral Reach - LLRT/RLRT). Together,
these measurements allowed us to map the functional
stability area of the individual. Subsequently, Level
L2 consisted of standing still on a stable surface (SS)
with eyes open for 10 seconds (Figure 3b),
establishing the baseline for static oscillation (basal
stabilometry) against which subsequent dynamic
alterations were compared’2.

Table 1: Data acquisition protocol by level.

Level Test Disturbed System Measuring sensor
Not playing
L1 (base, to build the FRT None Platform
limits of stability) PRT
RLRT
LLRT
L2 (base for return to 10”-SS-OE None
stability)
Playing
L3 VR-SS Visual system
L4 VR-CL-SS Visual system
L5 VR-US Proprioceptive and visual
system
L6 VR-CL-US Proprioceptive and visual Kinect and platform
system
L7 VR-D-SS Vestibular and visual system
L8 RV-D-US Proprioceptive, vestibular,

and visual systems

Note: FRT (frontal reach test), PRT (posterior reach test), RLRT (right lateral reach test), LLRT (left lateral reach test), SS
(stable surface), US (unstable surface), VR (virtual reality), D (dizziness), OE (open eyes).
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e Dynamic VR Phase (L3-L8): The subject interacted
with the video game in 20-second intervals under
conditions of progressive sensory conflict, combining
visual, proprioceptive, and vestibular disturbances.
The dynamic portion involving the video game lasted

the first 10 seconds. The subject was then instructed
to stop, close their eyes, and let their arms hang at
their sides until the 20 seconds were up (Figure 3c).
This allowed for the assessment of the time to return
to baseline stability and residual oscillation during
the dynamic-tfo-static transition.

10s
L1: Reach test |
(frontal, posterior |
and lateral)
a
L2: Standing, Os 10s
arms at his sides, [ |
not playing, eyes |
open
b
Command: Stop playing
and close your eyes
0s 1% s 20s
L3/8 (= + 4|
playing-eyes | eyes closed - data
open recording

Figure 3: a) Functional test evaluation protocol. b) Baseline stability evaluation protocol. ¢) Dynamic phase levels
protocol.

2.4. WORKFLOW (PIPELINE) AND SIGNAL PROCESSING
Related to the obijectives of this study, an automated
processing pipeline was developed using custom Python
scripts. The workflow consisted of five consecutive stages:
temporal synchronization, kinematic filtering, estimation
of corrective torque, extraction of intra-subject metrics,
and group statistical analysis.

a. Spatial and Temporal Synchronization

The kinematic signals of the spatial position coordinates
obtained by the Microsoft Kinect® sensor were recorded
at a sampling rate of 30 Hz, while the CoP data acquired
by the adapted force platform were sampled at 10 Hz.
To temporally synchronize both data sets, the signal
obtained by Kinect was downsampled, bringing both
acquisition frequencies to 10 Hz.

b. Signal Filtering and Kinematics

To mitigate the high-frequency noise inherent in optical
tracking systems and structural vibrations of the platform,
the spatial position coordinates of the anatomical
segments (SpineMid markers) and the CoP were
subjected to low-pass filtering. A 4th-order Bessel filter
with a cutoff frequency of 1.5 Hz was implemented,
applied bidirectionally to ensure a zero-phase response
and avoid distortions or time delays in the signal.

c. Estimation of Corrective Ankle Torque

The corrective torque associated with the PC was
estimated using the inverted pendulum biomechanical
model proposed for static standing?5. In this model, the

body is approximated as a system that oscillates around
the ankle, where body weight acts through the CoM and
the ground reaction force acts on the CoP. In the present
study, the SpineMid kinematic marker was used as an
approximation of the CoM of the subject.

From a mechanical standpoint, the torque balance around
the ankle (Eq. 1) can be expressed as:
T=R Xcop — WxCOM Eq. 1
where R is the vertical component of the ground reaction
force, W is body weight, Xc,p is the horizontal distance
between the ankle and the CoP, and X,y is the
horizontal distance between the ankle and the CoM. In
conditions of static standing, it is assumed that R * W =
m go, where m is body mass and g, is the acceleration

due to gravity (9.81 m/sz).
Therefore:

T=m go (Xcor — Xcom) Eq. 2

This expression (Eq. 2) shows that the instantaneous
external torque is determined by body weight and by
the horizontal distance between the CoP and the CoM. In
the inverted pendulum framework, this distance is not an
arbitrary simplification, but rather the lever arm that
generates the torque needed to change the acceleration
of the CoM. In fact, in the dynamic model (Eq. 3):

© 2026 European Society of Medicine 5



RxCOP - WxCOM =]la Eq. 3

where I is the moment of inertia of the body about the
ankle and a is the angular acceleration. Under small
oscillations, the angular acceleration is related to the
horizontal acceleration of the CoM, so the difference
Xcop — Xcom s directly linked to the dynamics of the
system.

The static component of the positional signals from the
CoP and the SpineMid marker was removed by centring
them on their mean (demeaning), in order to analyse the
dynamic oscillations around the mean posture. Torque
was calculated separately for the anteroposterior (AP)
(Eqg. 4) and mediolateral (ML) (Eq. 5) axes:

Tap = M Yo (Zcor — Zcom) Eq. 4

T = M Ygo (Xcop — Xcom) Eq. 5

where Z represents the anteroposterior axis and X
represents the mediolateral axis.

In this study, T4p was interpreted as an estimate of the
corrective torque associated primarily with the ankle
strategy. In contrast, Ty, was considered a measure of
the net external torque associated with mediolateral
control, the interpretation of which should not be
attributed exclusively to the ankle, given that in static
standing with both feet supported, mediolateral control
significantly involves loading and unloading mechanisms
between the lower limbs and the participation of the hip.

d. Extraction of Intra-Subject Metrics and Stability
Limits

During the static analysis phase for each axis (anterior-
posterior and mediolateral), metrics related to the
absolute range of motion, maximum and minimum values,
standard deviation (SD), and root mean square (RMS) of
torque were calculated.

To contextualize individual postural effort, reference LoS
were defined using static maximum voluntary filt tests
(LT). Given the coordinate system established by the
force platform, these limits were determined based on
the CoP excursion peaks in each direction. Specifically,
for the anteroposterior axis, the maximum positive value
recorded during the FRT was considered the anterior limit,
and the minimum value (maximum negative displacement)
during the PRT was considered the posterior limit.
Similarly, for the mediolateral axis, the maximum positive
value of the RLRT and the minimum (negative) value of
the LLRT were used.

The variation in torque at each level over time was then
determined. The upper and lower limits for each subject
were extracted to determine the baseline, L2. These limits
are then used at each level to establish the settling time
(ST). In control systems, ST is a measure that characterizes
the transient response of such systems and is defined as:
the point in time at which the output of the system no
longer deviates by more than the established tolerance

from the final steady-state value. In this study, the ST is
defined as the time it takes for the temporal evolution of
each torque of the user (after the command to close their
eyes is given) to enter the amplitude range defined by
the L2 limits.

e. Group Statistical Analysis (Between-Subjects)

The individual metrics were consolidated into a global
database to assess inter-subject performance, resulting in
a final valid sample of n=31 volunteers across all
evaluated levels (L2 to L8). Measures of central tendency
(Eqg. 7) and measures of dispersion (Eq.8) were calculated
to observe the percentage of use of the stability range
(AP and ML) and the corrective torque as the disruption
of the systems progresses.

X = le- Eq.”7

i=

S|r

n
1

n

1

SD = n—1Z(xi_x)2 Eq. 8
=

Where n = 31 represents the total number of subjects
and x; is the value of the specific metric—the percentage
of AP range and torque—measured for each individual
i.

To standardize the data and express the effort as a
percentage, overall range limits were established for the
group. These were defined as the difference between the
averages of the maximum and minimum ranges recorded
in phase L1:

e Anteroposterior Limit Range (RL,p): defined by the
difference between the mean of the maximums from
the Functional Range Test and the mean of the
minimums from the Posterior Range Test (Eq. 9).

<Z maX(ZFRT)> <Z min(ZPRT)> Eq. 9

RLyp = -
n n

. Mediolateral Range Limit (RL;;;): defined as

the difference between the mean of the maximum values

from the Right Lateral Reach Test and the mean of the

minimum values from the Left Lateral Reach Test (Eq. 10):

_ (Z maX(XRLRT)> (Z min(xLLRT)> Eq. 10
RLy. = -
n n

3-Results

3.1 INTRA-USER ANALYSIS

The intra-user analysis was conducted by evaluating the
ST for each difficulty level. To do this, the temporal
evolution of ankle torque during the stable phase
(beginning at 12 seconds) was analysed, quantifying the
time it takes for the PC system to return and remain within
the baseline stability band (determined by static level
L2). Figure 4 illustrates this behaviour in a representative
user. As expected, the temporal responses at the levels
with the least multisensory conflict (L3, L4, and L7) exhibit

© 2026 European Society of Medicine 6



Analysis of Corrective Ankle Torque as an Indicator of Postural Stability in Non-Immersive Virtual Reality Environments

an ST that enters the stability phase before the 15t
second, reflecting rapid adaptation.

Postural Control Analysis: Identification of Stable Phase
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Figure 4: Graphs showing the transition to the stable phase a) L3 b) L4 ¢) L7
In contrast, levels involving greater proprioceptive failed to reach a definitive stabilization phase, as
demands (L5, L6, and L8) exhibited stabilization times illustrated in Figure 5.

that occurred after the 15th second or, in some cases,
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Postural Control Analysis: Identification of Stable Phase
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Figure 5: Graphs showing the transition to the stable phase a) L5 b) L6 c) L8

3.2 INTER-USER ANALYSIS: IMPACT OF MULTISENSORY
DISTRACTIONS ON CORRECTIVE TORQUE

The impact of different virtual environments and
multisensory stress was assessed. The inter-user analysis
was conducted on the entire sample. In an initial stage of

© 2026 European Society of Medicine

signal exploration and processing, it was found that
torque variations in the mediolateral (ML) direction
showed lower variability for the selected metrics in
response to the applied stimuli (Table 2) compared to the
anteroposterior direction.



Table 2: ML torque values

Level ML Range ML Range % ML Range % ML Range RMS ML RMS ML
(Nm)_mean (Nm)_std (%) mean (%)_std (Nm)_mean  (Nm)_std

L2 3,44 3,20 4,14 3,35 0,81 0,83

L3 7,06 4,63 9,42 7,08 2,81 2,19

L4 9,80 6,62 12,08 7,10 4,23 3,22

L5 20,35 21,97 25,52 28,27 6,54 6,68

L6 16,52 13,22 21,60 18,26 5,96 5,18

L7 7,91 5,81 9,47 5,62 3,16 2,04

L8 22,11 28,42 25,74 37,35 6,45 7,10
Given this anteroposterior predominance, consistent with statistical analysis to that axis, where the greatest
the biomechanical model of the inverted pendulum in stabilizing demand is concentrated (Figure 6).

parallel stance?’, it was decided to restrict the inferential
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Figure 6: Average % of range per level for ML
The distribution of the percentage of AP torque across

levels L2 through L8 is shown in the box plots of Figure
7.
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Inter-User Analisys (BoxPlot): % of usage AP (n=31}
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The descriptive statistics for these measurements are
presented in Tables 3 and 4, which show the means and

standard deviations for the torque values.

Table 3: Range of AP and ML limits

Level AP Range AP Range % AP Range ML Range ML Range % ML Range
(Nm)_mean (Nm)_std (%)_mean (Nm)_mean (Nm)_std (%)_mean

AP Limit 127,70 44,13 100

Range

ML Limit 78,85 26,94 100

range

Regarding the use of the stability range (Table 4), the
levels performed on a stable surface (L3, L4, and L7)
showed mean values ranging from 17.51% to 18.94% of
the maximum functional limit. On the other hand, for the
levels performed on an unstable surface (L5, L6, and L8),

© 2026 European Society of Medicine

the mean percentages ranged from 37.49% to 38.67%,
with an increase in the standard deviation also observed.
The highest percentage of stability range usage was
recorded at level L8 (38.67%).
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Table 4: AP torque values

Level AP Range AP Range % AP Range % AP Range RMS AP RMS AP
(Nm)_mean (Nm)_std (%)_mean (%)_std (Nm)_mean (Nm)_std

L2 15,02 9,30 11,91 6,11 4,32 2,86

13 21,41 11,54 17,89 9,27 8,60 4,26

L4 2416 12,62 20,09 10,58 9,79 5,32

L5 46,92 25,21 38,63 17,95 15,76 7,94

L6 46,00 30,33 38,11 21,33 15,92 9,72

L7 23,37 12,33 18,95 8,29 10,25 5,36

18 41,81 29,62 35,08 23,26 15,66 12,42

4. Discussion

This study aimed to quantify changes in postural control
by analyzing ankle corrective torque in response to a
protocol of increasing difficulty that incorporated NIVR
and unstable surfaces. The findings demonstrate that the
low-cost system implemented is highly sensitive in
detecting adaptations in motor control.

IMPACT OF  MULTISENSORY
SENSORY REWEIGHTING

Both in the trends of individual time series (intra-subject
analysis) and in the group results (inter-subject analysis),
a clear segmentation in the biomechanical responses was
evident. The trials performed on a firm support surface
(L3, L4, and L7) generated a slight increase in the use of
the stability range (17% to 20%), indicating that the
subjects were able to effectively compensate for the
purely visual disturbance of VR. In contrast, the
introduction of somatosensory restriction via the foam
rubber surface (L5, L6, and L8) caused a drastic increase
in torque demand, amplifying the percentage of
functional range usage (reaching ~38% in L8). This
suggests that the disruption of plantar feedback triggers
a high-demand stabilization strategy that far exceeds
the visual-vestibular conflict, forcing the CNS to incur a
high mechanical cost fo maintain balance?¢.

DISRUPTION  AND

SETTLING TIME (ST) AS A METRIC OF DYNAMIC
EFFICIENCY

The most significant methodological contribution of this
analysis lies in the parameterization of the ST. Traditional
posturography metrics typically focus on the static
magnitude of sway (such as RMS or percentage of
range); however, extracting the ST from the intra-subject
signal allows for a dynamic characterization of the
efficiency of the temporal torque response?’. Noting that
on stable surfaces the group ST ranged between 1.0 and
1.5 seconds, while under unstable conditions it exceeded
4.2 to 6.2 seconds (and even exhibited stabilization
failures within the evaluated time window), confirms that
this metric is fundamental for measuring “adaptation
latency.” The behaviour observed in these time series is
strictly consistent with the overall statistical analysis,
demonstrating that the greater the sensory conflict, the
more force (torque) the system requires, and the less
efficient it is in finding its new equilibrium point over time.

These findings strongly align with the sensory reweighting
theories proposed by Horak & Macpherson' , which
suggest that the CNS dynamically adjusts reliance on
available sensory inputs. The fact that torque demand
doubled during proprioceptive restriction (foam surface)
compared to purely visual conflicts (NIVR) confirms that,
for quiet standing in young adults, the somatosensory
system provides the most critical feedback loop. This
supports the observations of Sakanaka et al.’ regarding
intrinsic ankle stiffness, demonstrating that when the
primary mechanical reference (the stable floor) is
compromised, the required reactive ankle torque—as
described by Terry et al.3 and Jakubowski et al.4—must
increase drastically to substitute for the lost intrinsic
mechanical stability.

INDIVIDUAL VARIABILITY AND VISUALIZATION TOOLS
To interpret the complexity of the population responses
observed in this study, the exclusive use of conventional
descriptive statistics, such as means and standard
deviations, was considered insufficient. Group means can
be highly sensitive to outliers, particularly in postural
control tasks where responses to disruptive sensory
conditions are inherently variable. Therefore, a
nonparametric visualization approach was adopted.

The combined use of boxplots and overlaid stripplots
allowed visualization not only of the central tendency and
dispersion of the data, but also of the full distribution of
the 31 participants across protocol levels. These
representations revealed substantial inter-subject
variability, particularly at higher-demand levels such as
L5, L6, and L8, where wider dispersions and the presence
of extreme values were observed. This variability
suggests that subjects adopted different postural
regulation strategies under the same sensory conditions.
In some cases, participants exhibited more constrained
oscillatory behaviour, whereas others showed larger
sway amplitudes, possibly reflecting different
stabilization responses and corrective mechanisms?28.

FUNCTIONAL STABILITY RESERVE

Finally, when assessing the magnitude of the forces
exerted, the results show that the healthy, young subjects
evaluated possess a vast reserve of functional stability.
The perturbation protocol proved to be a valid
neuromechanical challenge (scaling torque effort from
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approximately 11% at static rest (L2) to nearly 40%
under conditions of maximum sensory demand (L8). The
responses always remained within safe mechanical limits.
It is important to note date the maximum voluntary limit
(100%) was not exceeded, indicating that the protocol
never exposed them to a real risk of imminent fall or
biomechanical collapse?®. This finding supports the
feasibility and safety of using the combination of NIVR
and low-cost unstable surfaces as a clinical tool for both
the evaluation and future rehabilitation of patients.

STUDY LIMITATIONS

While the findings provide valuable insights into dynamic
postural control, some limitations must be acknowledged.
First, the sample was restricted to healthy young adults
with an intact neuromotor system. Therefore, the
observed “functional stability reserve” cannot be directly
extrapolated to older adults or pathological populations
(such as post-stroke patients), where sensory reweighting
mechanisms may be impaired or delayed. Second, the
biomechanical approach was based on a simple inverted
pendulum model focusing exclusively on corrective ankle
torque in the anteroposterior plane. Although this is the
predominant strategy during parallel stance, as noted in
our methodology, it overlooks the potential compensatory
contributions of the hip and trunk strategies, particularly
in the mediolateral plane. Finally, future studies utilizing
this architecture should explore sensor fusion techniques
to enhance the sampling rate without sacrificing
affordability.

5. Conclusion

Based on the results obtained in this study, it can be
concluded that instability of the support surface was the
factor producing the greatest increase in corrective ankle
torque demand, indicating a higher mechanical load on
the ankle joint complex compared with isolated visual
perturbations. In relation to the primary obijective, the

implementation of the Non-Immersive Virtual Reality
(NIVR) environment successfully induced multisensory
stress, leading the CNS to modify postural control
strategies. The quantification of corrective joint torque
demonstrated that manipulation of visual system
promoted a dynamic sensory reweighting process, with
the anteroposterior plane emerging as the predominant
axis of neuromuscular response under multisensory stress
conditions.

Additionally, ST proved to be a sensitive dynamic metric
for characterising motor control responses beyond
conventional static measures. The quantification of the
functional limits of stability further showed that the young
adult population maintained stability demands within
physiological safety margins, with utilisation levels
ranging between 11% and 40%.

Finally, the proposed low-cost multimodal architecture
demonstrated its feasibility for balance assessment and
postural  control analysis  under  multisensory
perturbations. These findings support future applications
in populations with neurological impairments and the
extension of this approach towards immersive virtual
reality environments for the study of postural control and
neurorehabilitation strategies.
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