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ABSTRACT:

Maintaining upright stability is challenging because of the body’s inherent dynamic instability, particularly
among older adults, where neural decline increases fall risk. This study evaluates neural response quality in
balance control by analyzing balanceable regions and reaction times. Using a single inverted pendulum model
in the sagittal plane, mechanical, experimental, and real balanceable regions were calculated for seven healthy
young adults (mean age: 24 * 2.56 years; 4 females, 3 males). Reaction time tests (visual, auditory, tactile) used
LED, buzzer, and piezoelectric,stimuli, while'an out-of-balance experiment applied sudden perturbations near
the center of mass. Data were recorded via a force plate (600 Hz) and cameras (125 Hz). Results showed
auditory reaction times (144-186 ms) werefshorter than visual (188-260 ms) and tactile (153-238 ms).
Experimental-to-mechanical and real-to-mechanical balanceable region ratios ranged from 41-74% and 42—
919%, respectively. The model was validated with experimental data, confirming that reaction time significantly
reduces balanceable regions, with males responding ~10 _ms faster than females. These findings enable

personalized rehabilitation programs, sports training optimization, and early neurological disorder detection.
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1. Introduction

The human body’s mass distribution, with over half
concentrated in the upper third and a small foot base
relative to height, renders it dynamically unstable
during standing or locomotion, necessitating active
central nervous system control. Maintaining upright
stability is critical, yet age-related declines in neural and
mechanical systems increase fall risks, particularly in
individuals over 65, with one-third experiencing at least
one fall annually [4]. In Canada, approximately 1.4
million falls occur yearly.among older adults, a number
projected tosrise ‘with an_aging population from 4
million in 2005 to over 9.million by 2036 [2]. Falls are a
leading cause of <njury and mortality in this
demographic, underscoring="the “need to understand
balance control mechanisms. Traditional balance
assessment relied on the horizontal projection of the
center of mass (CoM) within the base of support (BoS)
[3]. In 1997, Pai and Patton introduc¢ed CoM velocity’s
role in dynamic balance, leading to the concept of the
balanceable region and stability margin [4]: However,
the stability margin may provide misleading values in
critical conditions [5]. The balanceable region defines
the state space where balance can be. maintained,
influenced by reaction time, which reflects neural
delays in response to perturbations [6]. Prior studies;
including our previous work [7], often estimated
reaction times indirectly or focused on limited
experimental setups, lacking comprehensive direct
measurements. This study bridges those gaps by
integrating direct reaction time tests and out-of-balance
experiments to comprehensively assess neural response
quality in postural stability.

2. Dynamic Model

The human body was modeled as a single inverted
pendulum in the sagittal plane, with the body segment
treated as a rigid link rotating about the ankle joint, as
used by Hof [8], Pai [4], and others [9]. State variables
(angle and angular velocity) form a two-dimensional
state space. The equation of motion, derived from
Newton’s second law, is expressed as:

m,r
" B cm ) 1
0=f‘g sin @+ ff(‘ (1)
!B+mBr IB+mBJ"-

oM oM
where 7 is the moment of inertia, m , is body mass, r .,
H A

is the distance from the ankle to CoM, and z, is ankle
torque. Converted to state-space form:
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3. Experiments

Seven healthy young adults (4 females, 3 males; mean
age: 24 £ 2.56 years, mass: 59.24 = 7.24 kg, height:
170.88 = 8.92 cm) participated. Reaction time tests used
an Arduino Uno with LED (visual), buzzer (auditory),
and piezoelectric (tactile) stimuli, repeated ~40 times
per subject. The out-of-balance experiment applied
sudden perturbations via a suspended weight impacting
a padded board near the CoM, with 20 trials per subject.
Data were recorded using a force plate (600 Hz) and
cameras (125 Hz) with six markers placed per Helen
Hayes standards [7]. Reaction times were calculated as
the interval between stimulus onset and response (key
press for reaction tests, movement onset for
perturbation).

4. Results and Discussion

Mean reaction times for all participants are
summarized in Table 1. Auditory reaction times (144—
186 ms) were faster than visual (188-260 ms) and
tactile (153-238 ms), aligning with literature [10], [11].
Males“responded ~10 ms faster than females across all
modalities, consistent with prior findings [12].

Table 1¢#Mean of reaction time (Standard deviation)

Num Visual (ms) Auditory (ms) Tactile (ms)
1 224,1(338.7) 176.7(21.4) 235.3(84.6)
2 215.3(44.7) 186.5(29.1) 201.8(34.0)
3 188.4(35.7) 144.3(28.2) 153.5(47.9)
4 197.3(27.7) 168:2(34.5) 171.2(26.0)
5 260.3(44.2) 185.2(26.2) 238.9(52.9)
6 219.0(30.3) 185.1(21.4) 186.6(27.9)
7 200.7(24.6) 180.0(84.5) 204.7(57.0)

For a subject, the mechanical balanceable region,
shown in Figure 1, bounded 'by solid blue lines, is the
largest, with the stable manifold (black™ dashed line)
passing through the origin. The real balanceable region,
derived from initial state points post-perturbation, is
marked by a green line and circles, with its boundaries
based on model-derived reaction times. «<The
experimental balanceable region, defined using visual,
auditory, and tactile reaction times, is smaller than the
mechanical but larger than the real region. For a sample



subject, the auditory-based experimental region was
67% of the mechanical, visual-based 59%, tactile-based
65%, and real region 47%. The auditory reaction time
yielded the largest experimental region, followed by
tactile-.and visual. These ratios, calculated for all
subjects, highlight the impact of reaction time on
balance control.
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Figure 1. The mechanical, real and experimental
balanceable region based on visual, auditory and tactile
reaction times.

Across participants, the experimental-to-mechanical
and real-to-mechanical ratios ranged from 41-74% and
42-91%, respectively. These results confirm that neural
latency, represented by reaction time, substantially
limits balanceable region. Gender differences suggest
stronger motor responses in males [12]. The real-to-
mechanical region ratio varied due to individual
differences in ankle torque and neural coordination.
Compared to our prior study [7], which estimated
reaction times (38-273 ms) indirectly and focused on
real balanceable regions, this work introduces direct
reaction time measurements, experimental region
definitions, and gender analysis, enhancing model
accuracy and practical applicability.

5. Conclusions

This study integrates direct measurements of visual,
auditory, and tactile reaction times with out-of-balance
experiments to evaluate neural response quality in
upright stability. The single inverted pendulum model
effectively represented human balance behavior,
demonstrating that longer reaction times significantly
reduce the balanceable region. Auditory reaction times
were fastest, followed by tactile and visual. Males
responded about 10 ms faster than females. Ratios of
experimental and real balanceable regions to
mechanical balanceable regions (41-74% and 42-91%,
respectively) highlight neural limitations’ impact on
stability. These insights contribute to the development
of personalized rehabilitation strategies, athletic

performance enhancement, and early detection of
neurological disorders.
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Figure 1: Two-Link Model of the Human Body
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Figure 2: Free-Body Diagram of the Body Segment
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Figure 3: Position of Markers Placed on the Subject's Body
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Table 1: Ratios of Length, Mass, Center of Mass Distance, and Radius of Gyration of Each Segment to the Subject's Height
and Mass
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Table 2: Center of Mass, Moment of Inertia, and Coefficients of the Equation of Motion for the Sample Subject
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n
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u = 0.10857 H Nm“_ =176 M H'="130.945 N.m

u 0.043429 H Nmm_= 0.46864 M H = 52.378 N.m
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Boundary of Mechanical Balanceable Region

--------------- Balanceable Region Boundary when RT=0.314 s
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Figure 4: Subject's Postures After Impact, Boundary of the Mechanically Balanceable Region, and Boundary of the Actual
Balanceable Region with Reaction Times of 0.314, 0.232, and 0.273 Seconds
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Table 3: Reaction Time (Standard Deviation) Obtained from the out-of-Balance Experiment [26]
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Reaction time [ms]
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Figure5: Visual Reaction Time Experiments of the Subject
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Figure 6: Auditory Reaction Time Experiments of the Subject
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Figure7: Visual Reaction Time Experiments of the Subject
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Table 4: Mean (Standard Deviation) of Visual, Auditory, and Tactile Reaction Times of Subjects in Milliseconds
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Figure 8: Boundary of the Mechanical Balanceable Region, Actual Balanceable Region, and Boundary of the Experimental
Balanceable Region Using Visual;"Auditory, and Tactile Reaction Times
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Table 5:"Mean of Visual, Auditory, and Tactile Reaction Times in Milliseconds

4l L cans 2 (omad 9 (5l (5l STy ploj (eSSl :0 Jgu

o) 2515 ol &hed STy ol s STy olej 095
\RYZV N ETAR ARRVARY LI
Y-f/YY \va/sf AR RYird olsil

SYYOXYOYY Y 0] el alosl ol 50 a8 Silools Zali oS me 4 )lgil 5 yims yus GLBT ( 25STg ylej dm yo 40
Olo e 4o "5"5)9- Fewly 9 Sl LSy 65 9 o e e slazmale olail Gloy a5 conl ouls sl g.890 (! o clool jo ol

L¥V] S o amgi 1) o ye jabsS aS1g oy ol cnl ol 5593 b b anslie 4o

o ey Vil ol S O g0 (1Sl plo sk Sllug (28,5 S8 b0 L Lol pore S (s 4 pdy Jols 4l
e (sl g ol 51 Sopa (slp (SlSa pdyJoles amb e b e alols § o2 ndy Jolas amli pe b Tae alold 352
ol o ludl oS (glosgase) Hlas 9,90 axl jo pdy Jolw 4l jr0 og s 5,8 L Aol s 4 o3b aieS g ain
Sy90 3,8 (6l S (b ol alold g0l Cad gl (SOl s ol 4l 4y o5 pdy ol sl canns (el ool
Oley lp el <120 Al Lo VOF (gl g /OF asl Lo YYY (6l /0% al Lo VAN (g lass STy Loy (sl o plas
VOV cmed STy ey lys sl /8 agl Lo YYY (gl g < /VY agl Jo VNP (glyy oo 8V a il Lo VT (glass STy
STy ley sl 0,8 ol Gl Camd pl el <OV Al s Yoo gl g /YT Al La Ve F gl /PO, 4l Lo

ool < IYF G /A o o] (23STg leg sl g 18O U /DY o g laus (iiSTg ley sl o IVY BATEY s slaniss

phdols 4ol 4 cond cwd 5 shlad (gl STy ley (28,5 s o b oy pdy Jobs 4l cudd 8 Ve gl
5 o p (e LESTy lej wlal p (Sl 4y (2Bly s Jolad Al Cons g 2 loz B g (g 5l coyd Cli> (SIS

ol oad ools HLaS F Jgam (0 ety g 5o Jol 5l zg > Sioles

! Motor response

\'Y



Table 6: Ratio of the Experimental Balanceable Region Considering Visual, Auditory, and Tactile Reaction Times to the
Mechanical Balanceable Region (Columns 2 to 4) and Ratio of the Real Balanceable Region to the Mechanical Balanceable
Region Based on Reaction Time from Model-Based and Out-of-Balance Experiments in Percentage
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Table 7: Maximum Dorsiflexion and Plantarflexion Torque of the Subject, Experimentally and Theoretically, in N.m
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Table 8: Reaction Time Based on Maximum‘Force of 1.4 Times the Subject's Body Weight in Milliseconds

Al (oo o 32958 039 G955 Rl VT G908 SSTao (wlal p (AST9 Loy A Jgu

v $ 5 ¥ Y \ \ 5

Al bl 23515 0o

039 Sy plp MY gy

YAY(\'A) VOY(A) Yy-(\e) ARTIQRD! YPO(tsH) YVEQ(\ o) YYACE)

Table 9: Ratio of Regions Based on Reaction Time Obtained from Maximum Force of 1.4 Times the Subject’'s Body Weight
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ABSTRACT

Maintaining upright stability is a fundamental challenge due to the dynamic instability of the human body,
particularly in older adults, where age-related.decline in the nervous system increases the risk of falls and related
injuries. This study evaluated neural response quality in balance control by analyzing the balanceable regions and
reaction times. Using a single inverted,pendulum model in the sagittal plane, the mechanical, experimental, and real
balanceable regions were determined for seven healthy young adults (mean age: 24 years; 4 females, 3 males).
Reaction time tests (visual, auditory, and tactile) were conducted using an LED, buzzer, and piezoelectric sensor,
while an out-of-balance experiment was performed using a sudden perturbation near the center of mass. Data were
recorded with a force plate (600 Hz) and motion capture'cameras (125 Hz). Results indicated that auditory reaction
time (144-186 ms) was shorter than visual (188-260.4ms) and tactile (153-238 ms) reaction times. The ratios
of experimental to mechanical and real to mechanical balanceable regions ranged from 41% to 74% and 42% to
91%, respectively. The dynamic model was validated against experimental data and demonstrated that reaction
time significantly reduces the balanceable region, with males responding approximately 10 ms faster than females.
These findings have potential applications in designing rehabilitation programs, enhancing athletic performance,

and enabling early diagnosis of neurological disorders.
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