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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) were shorter
than visual (188-260 ms) and tactile (153-238 ms). Experimental-to-mechanical and real-to-mechanical
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balanceable region ratios ranged from 41-74% and 42-91%, 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.

Inverted Pendulum Model
Upright Stability

Neural Response

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 [1]. In Canada,
approximately 1.4 million falls occur yearly among older
adults, a number projected to rise with an aging population
from 4 million in 2005 to over 9 million by 2036 [2]. Falls are
a leading cause of injury 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 introduced
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
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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:
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where I_B is the moment of inertia, m, is body mass,
Teum is the distance from the ankle to CoM, and 7, 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].

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

Table 1. Mean of reaction time (Standard deviation)

Num Visual (ms) Auditory (ms) Tactile (ms)
1 224.1(33.7) 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(34.5) 204.7(57.0)
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Fig. 1. The mechanical, real and experimental balance-
able region based on visual, auditory and tactile reac-
tion times.

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.

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,
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and early detection of neurological disorders.

References
[1] World Health Organization, “Global Report on Falls
Prevention in Older Age,” Geneva, 2008.

[2] Human Resources and Skills Development Canada,
“Population aging,” 2010. [Online]. Available: http://
www.hrsdc.gc.ca/eng/publications_resources/research/
categories/population _aging e/madrid/page04.shtml.

[3] D. Winter, “Human balance and posture control during
standing and walking,” Gait Posture, vol. 3, no. 4, pp.
193-214, Dec. 1995, doi: 10.1016/0966-6362(96)82849-
9.

[4] Y. C. Pai and J. Patton, “Center of mass velocity-position
predictions for balance control,” J. Biomech., vol. 30,
no. 4, pp. 347-354, Apr. 1997, doi: 10.1016/S0021-
9290(96)00165-0.

[5] M. H. Honarvar and M. Nakashima, “A new measure for
upright stability,” J. Biomech., vol. 47, no. 2, pp. 560—
567, Jan. 2014, doi: 10.1016/J.JBIOMECH.2013.09.028.

[6]S. Parsa, M. K. Vaez Mosavi, and J. Bagherli,
“Comparing Peripheral Vision, Simple Reaction Time,
and Choice Reaction Time between Expert and Novice
Drivers,” Mot. Behav., vol. 15, no. 52, pp. 43-68, 2023,
doi: 10.22089/MBJ.2022.11780.2005.

[7] M. Pourjafari and M. H. Honarvar, “Identification of the

711

balanceable region in state space: Analysis of reaction
time in out-of-upright stability experiments,” Iran. J.
Biomed. Eng., vol. 18, no. 3, pp. 251-260, 2025, doi:
10.22041/ijbme.2025.2056211.1972.

[8] A. L. Hofand C. Curtze, “A stricter condition for standing
balance after unexpected perturbations,” J. Biomech.,
vol. 49, no. 4, pp. 580585, Feb. 2016, doi: 10.1016/J.
JBIOMECH.2016.01.021.

[9] D. A. Winter, Biomechanics and Motor Control of Human
Movement: Fourth Edition. John Wiley and Sons, 2009.
doi: 10.1002/9780470549148.

[10]J. Shelton and G. P. Kumar, “Comparison between
Auditory and Visual Simple Reaction Times,” Neurosci.
Med., vol. 01, no. 01, pp. 30-32, 2010, doi: 10.4236/
nm.2010.11004.

[I1]R. M. Karia, T. P. Ghuntla, H. B. Mehta, P. A. Gokhale,
and C. J. Shah, “Effect Of Gender Difference On Visual
Reaction Time: A Study On Medical Students Of
Bhavnagar Region,” IOSR J. Pharm., vol. 2, no. 3, pp.
452-454,2012.

[12] A. Jain, R. Bansal, A. Kumar, and K. Singh, “A
comparative study of visual and auditory reaction times
on the basis of gender and physical activity levels of
medical first year students,” Int. J. Appl. Basic Med.
Res., vol. 5, no. 2, p. 124, 2015, doi: 10.4103/2229-
516X.157168.


https://dx.doi.org/10.22060/mej.2025.24405.7865

75 ool SlSo (owigee g pui

VYA L V- Sl VF+F Jlo & 0)loss @Y 0553 ¢y ol Sl puwio 4 pi5
DOLI: 10.22060/me;j.2025.24405.7865

STy oloj 9 RS 4l @ dagi b omas fowly oS 2L

2950 (63Bdose (G yhn ygr o dge

Ol 31 33 o813 KlSo pusitige oSS (S > (sl 5 SeilSloges olStsle]]

1891 4y U
V¥ FIYS edl )
VYL BIYY 1,555k
VXYY 1l
Y/ VIVD 1 DT 1))

15 Gl
PRYEIE W
oSty e
s Sl e
o3lin] Jols

9 o il 381 b oS ol ool il ¢y 3181 53 030940 ¢ landl s (Solod ()L > 45 ooli] ol Lads taoWS
LTy Job 558 g sl o gy cnl im0 il 31y o (sl 5 52355 (300 i 1 g s i
2ol 4l s doxs (0 Al wsSae &9'1 Je slosliinl bl 038" byl STy loj g s Joles b oy yo
1Sl oo sl alesl 3 dplomo (30 ¥ g 05 F e Jlo VF s (i) llos (ol 28V (sl (oBly 5 (225 (SlSe
5 p0 0350000 43 a8 435y o g5 e 5 2 S0 el 300 ol () 5 50 5 00)
oS ol s s 50 b (5,0 V0) (ps2y9 9 (550 ) gy doxio b e Joles 3l g5 tales] slaosls (28,5 ploxil p 2
(46 oo YYA-YOY) s 5 (46 o Y5+ VAN) (55 2STs oo 51 y5olssS (alb_em VASYEE) (o lasis 2Ty o
Dy pusio Mo P AV BFY oy (Sl &y (Blg 4l s g o p VFBFY (o (SlSo &y 058 b ol 4 b o cund]
o SinlS ae g BB jobas |y plo Il anli o Jloj pil a8 ol )L g 0 o izl oy slmosls b (Sualind Juo
395 Al g (o859 2ydes 900 (i ly Sladely (b )3 ladidl (ol )15 (6 i o Gl () 4 i (Bye 9

W50 387 e SYMB] K

331 (el OBIS [0uiS )3 ool yarda VF Ly 6¥lo o Jlto el
oS Cunl 045 03] (1035 )9S (e )3 (oinen B &y Vb
Ooebeo A5l (o 4 Veod Jlo o yaddio ¥ agas 51D o b o]y31 slas
bt o 3)l55 ope ool [O]0S agy Rl Y-YF Lo )5 )i
2 esS o g (Sl Glol Jle 1 (S ool ST 1 50
Sl oo (Hae— gpas (iS5 )3 2900 4958 (plpls el Glaialle
Comnl oty cpl a8l 4ty jbs oyl Sl 3 ey JB 56
S (oo e p 1y Pl S sy il calis
O P (Bl ppal Cusdee L (s y5bdy 25 odltus] ol
hodiz (93 pyr 1S o Sidd o oy | (AT (Aoin 4 Cod
dgse Cuwd Sl aygo il it 53 g Cunl 3 Pl il 2BASS
ogMe  Shols Joli )3 pya 3540 Cuo s i@ VAAY Jlo j5 . [A-F]
Sl Jo S 5l oalisal b 4l cpl [Ve]as ikae o] Cansbge
Rl ol 4ol iy 4 o Lo S5 ugSae Sigl ol J1a (s

1. Support polygon or Base of Support (BoS)

doddo —)
b lE Gy gl oYL el o ludl g ey il e 3l e
hag o daShy cnl )l (SosS olul 28 05 4 cuni b S
o ohgd g o) oy Pl asle S e b sl cunsg
el i Jlb S5 & o 25 oy 1 (S s
S polad] Gl (LS )0 eoliw] Jole Laas o)l 5L (655 e
2y ol ) ol elsen (63550 Clacl s 5 cul (5958 50
o Gl 3,8hes (b ol b S o alslis (M3 syl s
Dol 48y Cuwd jl oo Wilgh o 0lisS loj code jo Joles Lags jo
0w 08 YL b (Sl g (ovas planw 3o 298 (9,08 (1) 9
YU s )0 xdg SLE o oS Wil L Glalllas gd o Chmds
N sl b5 5L (i )3 3 Wl Sy 5 V] sl @l (F0F)
JUo 20 YL 513l > a8 ons J& o)lol anels G pd Jlie (gl Y

[F] din 3,58 oo om0 53 Sl o )l o Bl el oy S

hadihonarvar@yazd.ac.ir :olsle jboige odiag ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )


https://dx.doi.org/10.22060/mej.2025.24405.7865
https://orcid.org/0000-0002-4464-7194
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

Lo taloj] 1 Ko 5y 55 e aunl 0 plogl g8 &5 Slalllas 5o
oles 5 ol 5l z98) pialesl 92,m 4 205 sy timgdy Lol o3,
Oloj g 398 43,5 JEMSES S I (amed 9 )l (ylud STy
D9 duslie vi b islejl 93 4o 3l odel Cund 4 (sla Sy

ks 1y LuSly sloy cdel oolim] Joles dine) ;o (pusby Slasdss
o S byl (S e asle odbe slailejl b ]
iy Lyl 3 1 oy S S wlazslsy e tilej] 4 a8 g Whes,S
b pdols 4l cldlas ol ol izpen A 15> <S>
Oloj Elgl s duglie (g b g (225 (slaodly I eslizal L
P J S 3 (ovas Gl QB Sl (el 553 a8 los 87 Julos STy
oiolesl) glite lojl g5 93 31 5 S0yt b ShagR cnl S o0 a3
b ol s ptalesl 5 (omeod 9 (50535 5 lap9) ool STy e
dlne gy W 4 |y (2Sly ploj (S o0 150 |y o S &S 4y
gy Al (6lad 3 1) (HBly 5 (225 (S phy ol anlig 038
Seeld s (Bb) Jlod Sl pSope b phi oS 4l S
2 Gloj 53 bl (958l ol o pugSae Sigl Jao 2 itee
a4l 09 oo gl ]l laalgisie (55lojl g 9 El
P LS ph ol asl (iSly ploj (85 i ) e (Sl
el 9 S)MS (o)l SS oo a 08 STy ploj (85 )L
ool slwosls 1 oslizal b (Bl pdy ol anl g Juo 2 s
3 odel s 4y g ol an b Gerdes b 4] o s 4 ol jl g5
OB 50 gk g b e 518y (Sslid oo L da ol o0l
23 a5 e iy 0 et lute] (Snlins el bl o Sloj 3
o 9 Ml oo Candts ord S5 clayiolojl 5 eslazul b 3,8 STy 4
4l @y (Bly pdy ol 4ol Cons l odlatl b 3b as sl cudS
b by IS o 5 Sles (28 in) (Ste Bo v Jole
Dydiee il g (228 @ (HBly ph Al 4l e (e Slej
CYMST plin 395 (el g (89 pole (siuplys 53 loaisly ()l
Wy 0,8 uac

L g, 9 dlge -¥

ey Jae ) =Y
b S OB (S Mg (b pr e &S Sl
ol VY] ey plelis B Sl clinlie L o w8 S

vy

b adnen (o)lub adls (Jlo ol L[V ad €yl audler lao
polde SUylas clacundg slyp 3yl Kl 5 3)l6 Sled e Jole aas
o & Gl glodgize ply Joles 4l [VY] sad &) gloaiSel 08
Mk bl 5305 rale () ol (a1 s Sl g Wlgi 00 33
4l clajye jload obign e 30 Casbge ol (p oS 3
el 4S5
DM 9 g0 509, Ll S b odlian] b 5 il &7 o
b e Jlosl Lolizé] a8 sloj oy 33,5 o0 &1 ol sl el
4 o) a2y (U Slej BT 350 pad o 4 duly o loj
Comdg Wilo Jalse 4 (Sly oloj 90 aiS STy loj o &
Ny i g (o S yed slasme 3 (3 Sl qpue s
oinlejl 3 [W NE] 5l d9mg STy o S o5 dw [VO-IY] 3 b
2 a5 25y ool S b 5 S e S b oo STy ol
5 39550 03> gy S e pdny 4 (st (1S5 o ol
5 il oo alef > ey Bl Gy 5t 1 3
Oles 5l y5elisS ool STy (o) s o S o b Cuwliiio (Suwly 5,8
a3 DA sl 5 o 4 5l STy ol 5 pmeieds 55T
VY ) oy STy ] cglate o s (glaS e 4y STy
LYY ol (a0b oo VA=Y e+ )y as iiSTy 5l gtas e (486 Lo
ol 4 05 ke STy oloj b s ol as b dlal, YN8 Lo
A 4l 5 1y s S 4l s KoK 5 i
oyt 9 oSenlizd 1By o gl 1y sl (3 oo V] 48 o
5 93,5 (Gilodde (Sb) Sype 4 JiSly £epd ) Gloj 3L b
) acsanans osd e g (Sl Slaseie J spSoe b
Sy g (o3kn] Jolss b)) claisee Tuwe dais 4 oS b slad
Jae il ealial b ziSly lej clios aelsl )3 [YO] 23,4l camdas |,
&S el cand 4 ol zgs  powse (inlej] g weSae gl
40l 50 (S slmodly il b oAb e S 4 )by o JS
e s gly 9 45 s iy 35 Sl (cLsh 5 ly ol
by ol sris 5 42 o sl (S i 5 455l
Ol 5y e 3B 5B V8] ol s 4y gy ol 9 30 Sl

g ool STy oy elaytalejl W8 Lol ad Lpmsyy ool 4l

1. Simple reaction time
2. Recognition reaction time
3. Choice reaction time



TA

fa,

oo axkad g i 3131 dowanr 5 Y JSUS

Fig. 2. Free-Body Diagram of the Body Segment.

b L o Joade alols " OM ity oyl oo Ty o 11, oS

el Wl & ) (Saded Car 2 b e S Ay b 5y
a ol glad ay bas b as cul 90 adpe 51 Jawdlyard dales (V) dalso
b yiin 39 o s gl (V) oles 13V 4o Jrslyod dslae ©)90
iy (V) ablee )3 oy ashd (dlaygly Coo g g agly i Sl
siwto plde oylaen (B) 5 (F) ¥olee ubo ¢S o dlolro ol s D9 oo

9) S e L @o”mf‘(u) s (J ST (6399 At

Ll YU 4
) 0
X =0,X =0->X=| . (v)
1 2 a9
*i=e ")
X2=asinXl+ bu
m.r
_ B CM >0 )
g==—
I+m r 2
B CM

6. Dorsiflexion

- b ot S 99 e ) S

Fig. 1. Two-Link Model of the Human Body.

e Oygo d b dalad o 4 (0 (Jae ol 53 el 0l o T g
s S S b e ke Uy o 3y 55 55 > o
YL YF NV ] T a5l 09 opl dtes kel wg Jse o)
Sgoi gl) OhRiagn 5% 5 [¥e AP sy V4] oS VA )]
S5) sl 035 00lital ] 5 (Sals (8, o (gl YY1
lagly ooy 5 @B Cundg g s askaB (gl b glajite ()
2955 3] doww i im0 S 1) odm 93 b (oliab 4 s
LS g dugly Cute Can o 0 &S canlodd LES Y S5 50 o dala
& Jy osliiS dblae F SB35 (19398 p9> 9B (bl

Cipogi ) €8> 22k Jae & 950 gl (V) doles ©j50 4L

“ Meem ) 1

9=_—2g5m9+-— T (V)
I +m r I +m r
B B M B B M

1. Sagittal plane
2. Hof

3. Pai

4. Geursen

5. Winter

\Ak3



OiS1y ooy Liwlejl =Y =Y -
(I S e 4y gy 55031l (sl LSSy loj ialel

B LSS 08 m (gl s ye ¥rodgas g ad (Bhb el 5 )l

W Ml}u wu;‘ﬁ UL’) )Luw JI)DU] 9 u&u 9 Bl S ‘_gl.bb)‘.)

b o iale] sobos o sbel 5 polss Jolgs 3o b 5 islosl Laea

52 ol e cand b g Sl slosiz

0,8 b ybgy ail duo Voo e 4y lidlye 0y tgylud Sy @
o 0,8 GiSTly oloj plie 438 bawgs WIS (3,88 B Y (0
YUY om (Bolad b 4 o (8 (pdg) o (Sloj alols i
LS Sty S8 5l lgs 0,8 U dgs uaie 4Gl

3,8 93,5 Mg o 4l de Ve St sl Hibir)lid Syme @
OO 5 1o g s Slej alold Lol Lz 1) WS das s b
BB e ol b el 08 gylis STy gloy olgie 4 S
3 (olai ysb & o g o Jloj Aol ctalesl (o5 (oot
RISIVE I WA g FR

»E Slps 5 c8)S L8 0)8 S gy S ySllgng tpme) S e @
Jlesl o olos 2 2)ly (o)l 4 (15 (e 1 @)B) oty L

5 b 38 (el STy (o Gl a8 (09,58 9 450

4y5 b Jobs 31 g Ginlefl Y Y ¥

Shb Al i Jols anb e gl ol 5l zgs (o]
2% Sy gloj e 9 ol Sl z9 b loj S sl el 0
boojlatio s ©jgo & a3l SLSL ©jg0 4 b Jol ) g5
oo Gy > il iy b aS claiss 4 g 5l el 4559 1 oolazul
2olal Cjao dy 59 .0 Jlosl 3,8 ST L poS sl po iy )8 0,8
@ (LSS V) b by s sblgs g Cgliate Sloj slaalols
5 (L o g8 ) S 0 Sl b 5w a3
Iy 555 s gy dorto (59, pa8 by dile (Sl ¢S > e
Lol 045 01 u»glm
o s @

S s il ool b gy doxs g cyyed (sloodld (gl ylojd

Yyo

_ 1
b=—>0 )

= 2
+
[Fmpr oy

Job) (SlSe slacudgisme «pdy ol anl saiSagie Jole 43

039150 cy 291000 Jobo Atz (loj ;3 B) S el g (e )8 5
ol o 508 & atly o 5lidS A 5 WS o e ) 965 Jlos
1y s pmmmog 0390 p> Jolsi ol Sl 55 a8 (S gl olej

S (o0 w2l

ilejl =Y =¥
g 03k STy (loj) Lialejl 99 93 camas Gl i 5yl sl

el 48,5 D50 358 1 59y (42 b 5l g

Oliod o (Bases i =) =Y =Y
i Dl Slasl) uSila b (3,0 ¥ 5 ) ¥) b Ll )8 ¥
Wl (MAY) 35 5 p 55k OUYE (VIYY) p o Jlo YE/YY (V/0F)
S 3l iy ploj Gialejl sl 2,8 <8 b ptalesl )3 e il
dhd)}bo )] A eolawl 4]094)0 )])SI £r 9 uno &y )l \9»;9.))] Sy
eolizal (S pgi) () 5 (531) 6ot il 33) 503
Fov sdpodls wilSB) gy dio | bl zg Lialesl jd b
OB 89y S )le 34 £ g (55,2 VY0 ()l 0003 (ilS38) (390 o 352
P B (3055 i e Loy Sge Toil) Jolhe slacisbge )
S )lkiol b sllas lacumdae ol o oslitol “diws Els 9% sl oYL
ous o3l 35 [Y8] gope 55 5 Cosl 4,5 L3V Lulbly Sl

!

. Arduino

. Buzzer

. Piezoelectric

. Lateral femoral condyle

. Lateral malleolus

. Greater trochanter

. Spinous process of C7

. Anterior superior iliac spine (ASIS)

9. Sternum

10. Helen Hayes Marker set & Anatomic Landmarks

01N LB~ W~



LY 58 s (69 00 e (AL Cordge Y JSS

Fig. 3. Position of Markers Placed on the Subject's Body.
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3. Anthropometric
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1. Anterior Superior Iliac Spine
2. Gaussian moving window
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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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Boundary of Mechanical Balanceable Region

Balanceable Region Boundary when RT=0.314 s

Balanceable Region Boundary when RT=0.232 s

— — — — Balanceable Region Boundary when RT=0.273 s
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Loss of Balance
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Fig. 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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Fig. 5. Visual Reaction Time Experiments of the Subject.
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Fig. 6. Auditory Reaction Time Experiments of the Subject.
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Fig. 7. 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.

Clone Sl ) 25515 0loj oele i) (6t 5Ty 0lej e i) 5 5Ty Gl 0 |
(b k) (b o) Gl (s o) (o 7
YYOIY(ATI) VYZIV(Y V) YYFN(YYIY) \
Y VAYS) YAZIO(YA/Y) YOIV (FEIY) Y
VOY/A(FY/Q) VEFIY(YAIY) VAN (YOIY) Y
ANATARARZED)] VEAIY (YEID) VAVIY(YVIY) ¥
YYA/A@QY/Q) YADIY(YFIY) A\ IANAATAD] A
VAPIZ (YY) VAO/N (YY) YV R/ (Y- IY) 4
YSIV@OV/-) VA< (YEI0) Y IV(YFI®) \

pd ol asl -F ¥

By 9 (278 (Sl p ol 4l slajye a5 3)90 33 sl

Sloslizal b (oo il Joles 4l 5ol oad ooy igled A S5 3
sl 00D o 3 (g 9 (3D gy b sla STy e

ol |y (Sl iy ols asb slajpe « S5y A pgi ks g

odbd .l (SOlKe pdy ol an b e 90 oyl cpo 4l 48" s o

9 4Bk VM (g)lad STy loj (nSln 5k 3590 38 (gl .o
4l e VY ()l (28l ploj (ils el oo YO Jline B0
4B o VOF (o) (ST (loj (3650e 9 45U hio YA Jline Blicil
) 4 leo ¥V s G50

9 Sl «g)lud (ST lej Jlre Bl ol 5 (1 SSle F Jga

A o i oyl den (gl 1y el



30 ps ~—— Boundary of Real Balanceable Region
j‘EE‘E'EGE ~ *  Maintaining Balance
20 F Yoo "Bogs| % Loss of Balance

== Boundary of Mechanical Balanceable Region
— B~ Boundary of Visual Balanceable Region

40 T Boundary of Auditory Balanceable Region
== = Boundary of Tactile Balanceable Region

w

— =y B~

8) . *. =Y EDD’EE
g

0 [Deg]

ssmod 9 (5l (55103 (ESTg (o 5l a3l b (200 Ay S5 a5 g (ABly (( SilSe iy SOl 4l 50 A JS

Fig. 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.
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1. Motor response
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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.

039 S9 2lp VT (sglas g 2STa> 039 698 2l VIV (sglas g iSTa> gy axio b (6,5 o3l

BT *Agtines 5o ,lias aSlas JRPY oA gtigRe 5o ,olias iSlas Sz, Hkuas

2 omb a4 gy (Sades

- > )‘3)5":’?

Yoy, (Sade>
JLid 35 e aneS o

Wy ST Sz ) Sdp Cax gy Saet S A gy Sades Cex
L o=k [ o=l

eIV \l2dld OY/f AARTA A Y

Cowd & sl )l 3929 o gLt S (ped (sl g Mz 3L
58 i (59 45 (lizmen LD 1S 28 4y | o gl S 3l
@ wsSae gl o Gygo a0 s GlSal &S Sl b1y 95 s codlinw]
Wl loj 4 bgye (69505 90 oo 03l )3 amd &S > gle g e
£8)5 5l 53 ey Jodll pSs 69588 S LIS 3 e (A dieS
S8 2l MV ey Jodll S g9 ST [VF] 2 pe )3 2095 0
V¥ 595w ool uSe cops s [FO-FY] axlo 15 o 015

& gy (SMS o ) yglusS Sl el sdd S5 (jg (598 il

vy

s o 4l uglia (sl Hosgy 5539n <Jo J at lef
&S oy ol anb bl o cans @ ol jl zg3 inlejl 5l a8 sl
()l o i1y ooy 5l bl o cans a4 STy loj sla yiulejl ;]
Sy olaj cpl Jl A Joles 40l g 48,5 Sk 35 (el 5 ()1t
@ oiSly gloj dw (ke oS e (pl @) 235 e dpule (0L
Jop Ve wSle o)l o8 glad as s g cuwl 5S35 b yiiSTy ol
(5515 M Lo 42Ty lo b gl s Fo piSlis 5 llas
SHe phy Pl a4l 4 (Bly 9 (225 ph ol 4ol 9> Cons
Oglate Cuwl (Saw 3,81 Sy 5oldS wSlis il diwly o2 Jio



VYA B V- dsmin O Jlo & 0)lad DY 093 «yueS ol CSilSlo i 4y 23

Wil o o 23,3 (059 S955 2R VIF (5908 SSTaa (olol 2 STy (yloj A Jga

Table 8. Reaction Time Based on Maximum Force of 1.4 Times the Subject's Body Weight in Milliseconds.
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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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