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Relationship between Walking Speed and Smoothness of Movement
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ABSTRACT

G. R Tack, Y. M. Han, J. S. Choi, J. H Yi, Y. T. Lim, J. H. Jun, S. K. Park, D. Stephanyshin, S. H. Park,
Relationship between Walking Speed and Smoothness of Movement. Korean Journal of Sport Biomechanics,
Vol. 16, No. 1, pp11-17, 2006. The purpose of this study was to evaluate the smoothness of movement during
various walking speeds. Based on the maximum smoothness theory (or the minimum jerk theory), we
hypothesized that the walking speed at the maximum smoothness (or minimum normalized jerk) is the same
as that at the minimum energy consumption. Eleven university students participated in treadmill walking
experiment with 11 different walking speeds (111, 1.19, 1.25, 1.33, 156, 1.78, 1.9, 2, 211, 2.33, and 247nyse).
Normalized jerk at 15 markers and the center of mass was calculated. Results showed that there existed a
quadratic relationship between the normalized jerk of the vertical direction at the center of mass and the
walking speed. As the walking speed increased, the normalized jerk of all directions at the heel decreased.
Our hypothesis that the previously published energetically optimal walking speed (1.25 ~ 14mys) is the same
as the minimum jerk speed (178nys) did not agree with this result. The minimum normalized jerk at the
center of mass occurred at the walking speed of 1.78nys which was the preferred walking speed by subjects’
questionaries. Further studies concerning the energetically optimal walking speed, preferred walking speed,
and walk-run transition speed or run-walk transition speed are necessary based on actual energy consumption
experiment and various multi-dimensional analysis.

KEYWORDS: GAIT ANALYSIS, SMOOTHNESS, JERK, MINIMUM-JERK THEORY.

e 0009E dgdata &g dTe Y o8 =89
* Jjun8l @kkuw.ac kr



12 g - 397 - 35 - og§ - AFe) - AAF - 97 - Darren Stephanyshin - 83}

S —— S A e s - O —
R e P i B

2 $498 Sk Yeid 9ok el 9y
Hog A& v RNH02 7by BE w02 2

£ olRAE ‘HAH9 HP£F(optimal walking
speed) 0|2}l 31 o[fo] BeY&eer HHo BE
HES S o Aok o HA BINes Jx
= HPEHN Ha UAE 4 4 dda gy
(Zarrugh 1974). oA AH]9] FHAM B v HZ 9
HyP&H of9lo] FQ3 £HL HoN Fioz T
< FYdM Eyoz HywH] ulfe= Hol&d
(transition speed)Z= 2] $lt}k  Corcoran(1970),
Rose(1990) T2 B3 Ao Ag] 7 AAhAbe 53
A HHQ &S Joptt HA9] gL A7AE
(Carrier, 1984 Cavagna et al, 1976; Hreljac et al,
1993; Minetti, 1998)2 28 3l HA A7
A eKmetabolic cost, VOy)o] A7} s Ao &

< 1.25m/s ~ 14m/s F-2olgt1 3}t T3 AY
(Hreljac et al. 1993; Saibene 2003)& F38}o] HajojA]
Fog wWehe Mudo)&E(preferred transition
speed)S ¢F 20m/s ~ 23m/s 2t Fopirh Hajo)
A FYoE W wjo] Ho] L FHolM HyYoF
AT o] Ho] AR o £ &4 Bty
424 Ut (Saibene 2003).

Hg oA 4vle] RN B wyolejd] 3
S e(ilzElE, smoothness)e] FHNN £ A1%
At (Hreljac, 1993, 2000). Yukdog AAAHS F
AL Fegg oglas & 4 o agx 5%
9 FEE o83l Folxl e SUEE B4
SHAf sk ARE Fo] Atk Rugd-g AHHo
E S WFEE F2 AAfek)7t Bo) AHSE
o AFE YAIRE A diskd 3 B|E3 o]
o AZ-B&3r(erk—cost function) & AFA=
(normalized jerk)E ©]-&31d T} RS A
B 5 3ok o] k& FojRl ARRE Fokel WG A
29} AlFE ARl sl A3 ghoz Aejso] AL
90 Hd 2F=U20)&(maximum  smoothness
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theory) 32 HAAF0)E(minimum jerk theory)ell w
2W gubyoe F2¢] AT E3(the end point of
motion trajectory)ellX] AZ-HIEFGE HAsIsPHA
FAo| olFoATI STt (Viviani, 1995; Hreljac,
2000).

AFNA AFE o83l IR 59 FEHE
o #F d77F FHHAG. Hreljac(199)E FAES
g o 34 2499 R SEEFA AR
o= yehd)e] AadAd @3 A7 AZ0E
£ o83l Aoz ARt o] F7E Fi]
S} S71ETE F0] Fusive RS B
oJF9it}. Hreljacet Martin(1993)8 3347} Az she
£¢08 By Al AR GIHFEER) S VoA
HAFR7E ME oRAT BAACE folg &9 B
£ 7HE 2& BTk o)7L By A g
3 By A] A0l ME B AeHrr)Ee] of
Uehks 218 9rdtiar & 4 3iok Hreljac (20002
29 AFoA Ee)7] et duiele] F33 mE
By A RedE Yehlle AFA HsEE Fw
Ao M) AZ-HGRTE ARESIool STl FiTh
ol Hul 2F=Y2o|ER Ak & T3¢ €4
dXe A=E AFslodol dh= A& ThA] 3 B
FAk

BA|E o]o} e tet FF9 R mE F=
29 ¥g, o] 4nlge] ¥zl #d delx
&8k, & d7zlo] ZARR ul WEE Ay
Ze] ] BYeX £ wisle] o By
Aol # A7 Bud FHo| Qlvke A& A% F
AN 91e] =REY] RS AP dSske B
P& S o] 43 dPoltt £ drdMEe Fd &F=
UZolB3 HiA=0Bd 7S Fo| HAA=T}
A= RSN dUA] Lu7} 7P 2e Aol
g3l ZPgsiglth metd B delde 99 7S
A7) f3ld Ed=deirg tekst B3 &89
Hgle] me Hare] F=HRS AFAIE ol&st
o Mtz sttt HAA 0|8 wEd T2
FHY FAEA MY A=m azjspd HA, A9
oA aHFE FAFHY FHYA THS BAVt
W71 g, £ AraMe QA FAFAH HER
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1. AggA

2 AP A 9# 200 FA 113E(del 45 +
144, 71 1734 + 31am, &5FA 694 + 73kg)o] A7I8}
Aok HAAE BHE 2Y, A3Y, 55714 28]
Qe A48 o= 9 FaRdAE 4 aoﬂ
49 24, 4% U8 § 49 oo WA
2= F89 AP dish SE3) ddia @@%‘7}2}
DAl Mm-S dsiet

2 Ay

2 AN Hes4Ee EYSUIMAGE 760,
ICON Health & fitness, USA) £¥¢| 1.11, 1.19, 1.25,
1.33, 156, 1.78, 19, 2, 211, 233, 247m/secS ©]-&3}
Atk 7 Ed=d £8E NHEae) o]9EdE AA
g FAAY WHeR IFAA FolFon AR
AAEL PSRN oA APM aFske E
HEd &8 e ARE By WHEHG K
& e Efsgy 339 E’i}‘“’ A A2EE AMEEl
24 9 AelAdk 28 5 AAe] 9HE &3
7] A AR FF EA A" (Motion Analysis
Corp,, Santa Rosa CA, USA)E AHE319T) o] Al2d]
< 499 71K high-speed Falcon digital motion
capture camera)Z T4 %03l

4the) FHoA ke A A FE A &
A4S 120HE A3 3Gk A FAZA B3
=AY AXE F48P] Hto 157]9) TrpkAS
A 2EFE Ao A FAE A 9
A OFF 2o A FUEE SHed), 93
(metatarsal)), "2 (lateral malleolus), %7](shark), 3]
WA (thigh), QEHLYEOIM7IAright  anterior
superior iliac spine), A F oI M7 A left anterior
superior iliac spine), 5% 835 th lumber spine).
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2487 540 Rodse] dadAd ag a7 13
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245 gol8E 24 014 Butterworth FE(2nd
order zero-lag Butterworth filter)E AH&3tY H3-&
AAA.  HA  Ad Fu(optimal  cutoff
frequency)= Wells(1980) 5o} Aleta v A 1=‘“%tl(the
residual method)& o438} AT z;} S AA
& o AHE ATaeE 1], £8, 43 et bt
ol 2} 7o 2 o] WS 37 EH-E—OJ] Z}7]
E2A A &%, 7IEE, A3E T67] 3 o
2, olal, @ AR AHEWAA(finite difference
equation)ol] 9J3te] ATt 53] B)E Aol 24
3 oAt g Hagsiaat iict vl WA
U FEAAE HF "EHFo] dAY e eXe
Ciakas$} Baltzopoulos(1997)7} A¢Hst ¥hi& o]&-3}
o] Az Al WAERe eAtE HasletAch 4
B3&e Aoy & Ao{stride)S U4V |(stance
phase)$} #Z7|swing phase)E WHo| H43}Act
Fold B3 A=A A7) fA7IE s W
e dutdo g FPSHWE o] &3k Aotk £ AT

e FEHFTE o83l fdA7Ie #A7IE
WEh= Hreljac®} Marshall(2000)0] Ate HHE o8
Tk |

Aze HRAUEHE A disted 3 W Wl Este
AS 5 Uk FooeS FFHeE S AT
AF-HEIH]C, Jerk-Cost function, B9 m2sH)=
T3 2ol Aeldnt.

q7elM T BA 52 Zele AR, 12 9
Aeelty. YA AP tigt AxHES W} 2
HYAE wigle] tht e} Bashy) vhEol] A=)
&34 st ske 2o Badith AFAAN],
normalized jerk, B91: FAH)E thee HeE A9
et
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Ao} BAZAY S5 DS DA 7] =) o1 Sl il R
B ATl BEAY BAZPNY AFATA | many A o
e T A FAFA(COM, center of mass)
< Tohe o EE HEFA(COP, center of pelvis) B — oo
Hc} ‘ﬂ < )\]—%6}%11:} oo]:& D]—ﬂ 27H9']' 51:“ _Q_“ru]'ﬂ — Swing
1742 AHg3] 3349 ZAZAHEE Popu}, i
EE A=E MATLAB™ v65 (Mathworks Inc, ol
USA)E AMSslo] BAalgiTh Balsdo] B BFA4
a9 WEEs) 4 v Aol S BAA ¥H gy
& 5] sARYZzaY sps™ 120k (PSS * % % EEEREE % %
Inc, USA)E AH§3te SlARMS Sepsiqnt 29
101
I 23 2 =9 |
PSR S A N A %
) v v gy v gy vy ?¥ |
cﬂ?ﬂmt R2E 1579 ANE FAZAIN 1 L 2
3 1919 A F2 Ao PRs B T2 2 SAZA Opjole] 2EME| R0l
(anterior-posterior), 1rﬂﬁl(medlo-lateral), -2 (vertical), SOl MR

93 34 e FEuskes PN
FFAIS AVIYY. T3 B e qzy) 1 AEATANAY S Az B
(stance phase), 27 \(swing phase), AABW |(sride o) SwuAl S AFAAH, fepEd 2
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BEE, FA7ME AL W7} Qe dde B
ATH<I™ 2 2 F 2> FATA mANM Y $2903
o AtAzsh RYP&Y] AABA vis] AL
23, fouid 238 RPN &7} A9 #
A7t 2240 FHE Hele AL $AHCE vl
T AHYS ¢ 5 Uk

TFHTES AT AF 5 S e} A
d= Zge] ke AR, AR frods @
Y 4 SIS0k 199/ 4] nY&(y
A7t Azshe RSN BE F719) i) 9%
S AT E o83t A3IGTE BRI o]
washd AzHgere Aadichn Busiick
Hreljac(1993)2] d7= T8 HyY&gore) Anz
2 A7ee FAHAA vlart BrFssAe, & a7
A= HEACMY AAIE 8] 37t E5E
#Aashs A ¢ 5 U YFHCE B
7k BES FTMITIE A4S HWEE FM
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Hsy BEZ7l) oju@ AT 74 ek At
At Arke AL o] TR 3, £ F
Zo] A A vgtta & T itk ol
5A0] 2 A F(motor control & planning) ZH4I|A]
AR sz of Al 28 (feedback control system)
A A7 Baso] Wby wiel 2 FI(open
loop)E He 802 AW 471 3t} (Hreljac et al.
19%). & & FI7} Ho| ojn] AZd Mo
(planned path) v} 24 2 wekd 5 7] WE
of B3 &o] F713d met HEA MY A=A
7} Zashe A HBE 5 Jith

HeJols F 714 whe- $83F £o] itk F A
At A7} Hav) sle S8 B FPoE
ke Aol &dolh oM A (Carrier, 1984
Cavagna et al., 1976; Hreljac et al., 1993; Minetti, 1998;
Saibene, 208)14 2479 &8 F 1.25m/s~14m/s,
20-23my/s BEYES Folitt B AFdNe %
178m/s9] <ol AA 37| AAZTL Hiv}

Ed=dy B3&d) el By A5, 2 By He 2 THY ARE Bk o] £EL gyt F
% 1, SBA| DpfolMe] $AE] Mx e} mytao| AUE (@R + BEUA)
?rieeg 11 | 119 | 125 | 133 | 156 | 178 | 19 | 20 | 211 | 233 | 247
ride | 208 | 1912 | 1918 | 1852 | 1565 | 437 | 415 | 103 | 171 | 1096 | 1082
(H411) | ($412) | (+416) | (2389) | (x324) | (4325) | (2262) | (:274) | (x245) | (+197) | (+306)
Heel | stonce | 1049 | %9 | 27 | 869 | e81 | 578 | 59 | 463 | 43 | 313 | w2
(t208) | (+209) | (¥208) | (¥185) | (+147) | (*137) | (£140) | (#102) | (£124) | (£78) | (119
A 9 | 214 | 20 | 23 | M1 | u3 | w6 | 23 | B0 | 26 | 24
SWING | (:52) | (53) | (48 | (50) | (245 | (48 | 37 | (49 | 42 | (39 | (59
E 2. RAZA uiF{olMe] FEErs| Mrkiae} Haissio] ARnH (BT + EEHAY
?Efeg m | 119 | 125 | 133 | 15 | 178 | 19 20 | 211 | 233 | 247
cride | 1853 | 1726 | 1656 | 1641 | 1580 | 1567 | 1396 | 1593 | 1613 | 1630 | 1746
(#205) | (£17.1) | (125 | (£118) | (£91) | (¥113) | (*106) | (£123) | (£144) | (¥184) | (302
oM | semce | 27 | 673 | &8 | 65 | 578 | w2 | ®7 | %7 | 322 | 51 | 528
#107) | (84) | (64) | (#67) | (:63) | (47 | (469) | (54 | (#56) | (283) | (295)
| 35 | 45 | 40 | 21 | 50 | 21 | w2 | B2 | 25 | 25 | 33
SWIN | (134) | (33) | (:29) | (129 | (29 | ¢30) | (24 | (130) | (37) | (54 | (2110
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