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ABSTRACT

Purpose : The purpose of this study was to investigate the reliability of 3D-inertia measurement unit (IMU) based shoes in gait analysis. This was done
with respect to the results of the optical motion capturing system and to collect reference gait data of healthy subjects with this device.

Methods : The Smart Balance® system of 3D-IMU based shoes and Osprey® motion capturing cameras were used to collect motion data simultaneously.
Forty four healthy subjects consisting of individuals in 20s (N=20), 40s (N=13), and 60s (N=11) participated in this study voluntarily. They performed
natural walking on a treadmill for one minute at 4 different target speeds (3, 4, 5, 6 kmfh), respectively.

Results : Cadence (ICC=.998), step length (ICC=.970), stance phase (ICC=.845), and double-support phase (ICC=.684) from 3D-IMU based shoes were

in agreement with results of optical motion system. Gait data of healthy subjects according to different treadmill speeds and ages were matched to
previous literature showing increased cadence and reduced step length for elderly subjects.

Conclusion : Conclusively, 3D-IMU based shoes in gait analysis were a satisfactory alternative option in measuring linear gait parameters.
Keywords : Gait, Inetia Measurement Unit, Accelerometer, Cadence, Step Length
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Natorigawa, Todoh, & Yoshinari, 2009).

A ol AR AN A sllel e
AX(Arif, Ohtaki, Nagatomi, & Inooka, 2004; Schwesig,
Leuchte, Fisher, Ullmann, & Kluttig, 2011), w&°l 26k
A4 (Moe-Nilssen, & Helbostad, 2004; Zijlstra, & Hof, 2003),
Folglell F-2sH= AA(Liu et al, 2009), A4 FEx|o] F-2}
= AlA(Mariani et al., 2010), 25l F-28H= AlA(Choi et
al., 2009; Sabatini, Martelloni, Scapellato, & Cavallo, 2005) &
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Table 1. Demographic and morphological data of subjects

N height mass age
(cm) (kg) (1)
M 10 173£2.7 684152 23.611.0
2 F 10 161£5.2 553457 21.842.7
105 M 6 172455 7341132 46.0£3.0
F 7 16122 564154 43.145.6
M 5 169+3.7 65.846.7 64.614.3
o F 6 157+6.4 60.58.8 64.7+4.3
total 4 166+7.7 62.849.7 39.6%17.7
o QATRSIAT SLe S AT ol BN AW F
9% W F AU AT A DS st
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Figure 1. System layout of Smart Balance®
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Figure 2. Experiment set-up and captured marker set feature

Q)77 (stance time), FLA| ] A|(double-support time) = 7
Al Wisich

A, WIAAY NS Sk Sl 4the) FeA 7F
#]2H(Osprey®, Motion Analysis Coorp., USA)S} 207H2] REAL
S ARSIl s £E e AR AS5S fs % o
2] 919 ozl SHA|, 5, Fole, i, A SheA,
Ao 29, HEA sk ofelel wAE XA Z K Figure
2). 32K v SA ARE Al g ol FEATE
glojel Matlab®(ver. 2009b, MathWorks Inc., USA)olA 48t
2 Fhdlgtell A doj|= APFHY AlFsS EE3 Uit

P AP oE UY AR F5] Fof Aol

22l Hao] 7hsabA agith o] AlAl FQ F-glef WAt
nAE e o7 FAEgi)

2 AdoM= 4714 E‘—? %703, 4, 5, 6 kmh)S A3}
Aok 7 249 M= Y27 (counter-balance de51gn)
o wzh g3l 4641]‘* AP el ueh AgE B
EE Eaﬂ oM BES AL 30% ol BE

=
(et
M

=4 9
Al B JHE HolW 60 B ARE Tk
ESil]
ks

mlo = —101' Jl-

Y e BE W 38 FA
F3ph ol bl st

4. A= A9k 14

et AnleA A AYRPATERS S 2 HE
IFkCH(Figure 3).
O HS(heel strike) : A-FH(X%)9] (+)Udko] HaEk 5
Zow Aolso] FuA wA XF Wflgto]l HAaY o
HSE 7 9]33ITHZeni, Richards, & Higginson, 2008).

O TO(toe-off) : 'LE(toe) "2 X5 9] 7} &= Al
A& TOR Aok 2 oz nidt A-¥E 4
)31k (Zeni et al., 2008).

o K HI%(cadence) : 60F 777+ Yol A3k A WA
HS A5} wiAet HS AJRS] AR Fefal 44 HS
ApolA] g e W 0] BlERA ARkt

Cadence = (# HS -1)/(last HS time - Ist HS time)*60

OE-"L—(step length) : Efrd &8 374 Wolog A
SR 48 = HRIE x BE O] Aol gt
0 A A] 7](double-support phase) : o] EF HA|E|
ol TR, 9BW TR PUXAV|s} A F&
o FIAAZIE 27t 78 T Hatgke FEAAT] Al
ko= Aol
o §-2}7(stance phase) : HSZ TOZFA|S] F3ko= Q&0 &
2719} Ak F27) Btk A7) AREeE Al
o EY=Y 75 43 (measured treadmill speed): EF|=W
drdels &9E st Bas AAsHANL 3dat
o] Ao} Efud REY] Aol et AS5Ekreal
value)o| Eebd 4 ]‘:]' ATollx= HEA vAY
HSHE S1EA w7t 2™
uus S Bt £9E et 3 B AS éT‘

How Aofaiit

Ant-Pos Marker Positon

i aOx Q
. IStancep!iwase RHeel === RToe
é i
£
@
£
g
©
3 :
fa) 4

Time (s)
Right/Left A-P Marker Position

j - — Hee] - Toe
—08 - —»! e P
£O6 ] ﬁ)dube -5y pﬂ;?ha!‘s?

o |

@04 -

E '

502 - !

L 0 [

& Ns Ty 7 T %@ T q i

o2 0 NS B M3 4
04 - :

H Tinjle i(s)

Figure 3. Definition of stride time, stance phase, and double
~support phase. Heel strike (()) was local minimum
and toe-off (O) was local maximum point during
heel and toc markers’ anterior-posterior position
(Zeni et al., 2008).
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Table 2. Mean results of agreement between spatio-temporal parameters derived from IMU sensor and optical motion measurement system at

different walking speeds
3 km/h 4 kmh 5 km/h 6 km/h
B TeoEm oo I Bw e TwoBrow
Cadence(step/min) 059 063 0995 -105 099 0994 -121 -1.01 0994 -117 093  09%
Step length(cm) 028 052 0951 027 043 084 0098 014 0776 053 067 0897
DS phase(%) 65 51 0197 083 8.11 0646 079 913 0638 039 535 0738
Stance phase(%) 0.14 022 0489 040 065 0594 041 069 0483 009 016 0891

True error and % error were based on the results of optical motion measurement system. DS stands for double support.

J(intra-class correlation, ICC)E A H 3ttt ICC7} 0.0-0.40->-
“F-Z(poor)’, 0.40-0.59% * A fair), 0.60-0.74% "7 (good)",
0.75-1.02 "Er¥(excellent) & T3t Cicchetti, 1994).

A3 w3 2 vlolE Al o] dETRIAREA (two-ways
mixed analysis of variance)= WHEOM, HEI AFE 99l
o= AAsltt EAAEE 48 AZE ol SPSS(ver.
18.0, IBM Inc, USA)& ©l-&sl3lon 247 fooa 052
A73I5ik

7}
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Bokt) 9= AA By 5715 o a8k ICColM B
HIEE 0998, HEL 0970, FPHAA7|E 0684, F27]E
0.8457} Wgitt.
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3l A2 2Htrue error) €t ATH2AH% error)E UERASITE A
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S Ho] Fok B¥E(step length)®] ICCE 3 kmjhollA] 0951
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=2 ICCO89NE Hom 1 99 Fod nlwy whe
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Table 3. Comparison between set speed in treadmill and measured speed

Measured speed Error
(M+SD) [%]
3 km/h 2.46+0.06 km/h 18.0
4 km/h 3.3840.06 km/h 155
5 km/h 4.3140.12 km/h 13.8
6 km/h 5264021 km/h 12.3
100 -
80 - @
o o
~ 60 -
u (gp o o}
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Walking speed (km/h)
Figure 4. Distribution of measured treadmill speeds according
to target walking speeds and body mass
<Figure 4> 24€ B&53} 3ia Ao uel ASd
B £ RS Hol 90tk 3 kmholAs ARl @
Aol ke Ed=d £ £¥ 5 HAAL 6 kyhell A=
Aol Aojd Eftd HHEELE RoF



140 +

(step/min)_,
= Pl (SF)
L) L] L]

—

o}

L}
|

Cadence

[Se]
L
|

co
L}

3 km/h 4 km/h 5 km/h 6 km/h
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Figure 6. Changes in step length according to walking
speeds and ages. *indicates significance different
group means between 20s and 60s.
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Table 4. Changes in stance phase according to walking speeds and ages

Speed Age Mean S.D.
3 km/h 20s 62.74% 1.69%
40s 62.73% 2.19%

60s 63.34% 2.56%

sub total 62.89% 2.05%

4 km/h 20s 60.86% 1.10%
40s 60.99% 1.37%

60s 61.02% 1.61%

sub total 60.94% 1.30%

5 km/h 20s 58.88% 1.00%
40s 59.86% 1.01%

60s 59.57% 1.19%

sub total 59.34% 1.12%

6 km/h 20s 57.37% 1.10%
40s 58.28% 097%

60s 58.12% 1.14%

sub total 57.83% 1.13%

Table 5. Changes in double-support phase according to walking speeds

and ages

Speed Age Mean S.D.
3 kmh 20s 25.38% 3.04%
40s 25.39% 3.93%

60s 25.22% 4.54%

sub total 25.34% 3.64%

4 km/h 20s 21.72% 2.43%
40s 22.06% 2.77%

60s 22.13% 3.00%

sub total 21.93% 2.62%

5 km/h 20s 17.80% 2.00%
40s 19.62% 1.91%

60s 19.03% 2.33%

sub total 18.64% 2.17%

6 km/h 20s 14.59% 2.12%
40s 16.58% 1.82%

60s 16.09% 2.05%

sub total 15.55% 1.17%

<Table 49} 5>+ H&53 Aol we} Wskohs A4
719k 1771l g AskE vEhd Aol o] gEdRRARA
A3t FEAATIe J27] BF e aet Favy 9l
Stk WA Fatgrell ] Bo] wepel] upe} ofEA#)719 <]
A717F skl w9 BE oM e ARu7E 2Tl
upe} FEAA7I8E 4717 STFsRs FAIE Bol Sl
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