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Objective: The purpose of this study was to investigate the changes in foot
morphology and foot motion using a multi-segment foot model, and ground reaction
forces during prolonged walking in healthy middle-aged females.

Background: As people have experienced improved cardiovascular and muscular-
skeletal health, the popularity of prolonged walking has increased. However, only a
few studies have suggested that prolonged walking may increase the risk of lower
extremity joint injuries due to abnormal loading and decreased stability after muscle
fatigue.

Method: Forty-two healthy middle-aged females (mean age: 454 + 2.3 years, mean
height: 160.7 + 4.8cm, mean weight: 59.2 + 6.9kg, mean foot size: 23.3 + 0.7cm)
participated in the study. The participants went through measurements of foot
morphology and Q- angle before and after 40 minutes' walking. The participants
were asked to walk at a speed of 1.1m/sec for 40 minutes. Foot motion and ground
reaction forces were collected at three time intervals (0, 20 and 40 minutes). Changes
in variables were compared at an alpha level of .05 using a paired #test and repeated
ANOVA, respectively.

Results: Arch index was decreased and Q angle was increased after 40 minutes'
walking (p < 0.05). Increased toe out angle and attack angle of the foot at initial
contact were observed as walking time progressed (p < 0.05). Increased flexion
angles of multi-segment foot were found with increased walking time (p < 0.05).
Finally, the participants experience greater braking force after 40 minutes' walking
compared with 0 minutes and after 20 minutes (p < 0.05).

Conclusion: The participants experience kinematic and kinetic changes of the foot
during a prolonged period of walking.

Application: The current findings suggest important biomechanical considerations
when applying a walking intervention in a clinical trial to improve fitness or in
developing adequate walking shoes.

Keywords: Prolonged walking, Multi-segment foot model, Muscle fatigue, Foot
angle, Ground reaction forces
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Figure 1. The measurement of arch index using a custom-made device (motion innovation center, Korea) (left and middle) and
Q angle measurement (right)

A2 BO| 7|E2 50| LS AZXO|EH 5| (American College of Sports Medicine, http://www.acsm.org/)lA E&sHE LY 2=
9| X&£HQl MHBESE 7|TOR 30200A 602 AtO[Q] 23 Al7te2 ALt 2 AR0Me ZT 4022 7|—’.f-9E HAL B
S MASIFOO, MHASHY HOI2 1) B A|Z A, 2) 202 Z1t AlH, 3) 402 Zat A0 XA2E $+TE|0f MEE|QACt o,
BHAns HEHO 220l 11m/sec?| DHE $E2 MAISHRCE

LHXtE 5UsH 2F3HLS networks, KOREA)S 236t X|E 2cmo| HHAIONA 47)7F BAHE T 32| AH(ClustenS & S1X| 2t 2
Ho| 2astlon, X|HEHO| LEE EYE (Bertec USA) 2l0IlM 7|2 ZFEZEE MESH| 216l (Figure 2)2 20| XtMIE FH ot
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£ BMZ QiAM SYS AlHEYe R SR O] RO R

Figure 2. Neutral standing trial of the subject with marker sets on an instrumented treadmill (left) and walking trial (right)
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2.3 Data processing

GaAtEet X|HEH X2 25 MM M7l XK noise)E MA8t7| 5H0] Butterworth 2th order low-pass filter2 smoothing St
QIC} KFEH FIb4(cut-off frequency) ZH2 FFT (Fast Fourier Transform) 242 AA|StD FOi42 HstEl M50 O8] PSD (Power
Spectral Density)E A|4t5t0] £=XE pSDO| 99.9% +=F & 24 M= §49| thrXQl 2oz 7tFsto] AHSHRAC

2.4 Variables of interest

2.4.1 Foot angle at initial contact

o

8

(Figure 3 (left)dt 20| &X|5t= w7t TIAH
A

£H0| 0|2 & ZtZ(foot attack angle)S AHEd}

JIECE TH ZEELIE)0 O Z=(Toe out angle)2t AlSHOIM K| Bt &
Cf.

@ W

2.4.2 Flexion angle using multi-segment foot model

A B Al ol =3 MTZE BA5L| I8l (Figure 3 (right)t 20| CHEH A|AE“(Scott and Winter, 1991)2 2 29| & 2&tH
AA MO 20| MLl Toe box £ MF, 5 B20 5F, U5 YoM FHBX ££22 %-—'TOE Holsteict ztzto| 2HE
O|El o] Zt = +’JTF0| HYZEZ = (dorsi-flexion), -2EF0| X Z2F(plantar- ﬂemon)oi Hyst] AESHCE

Toe out angle

Moving direca\ -

Flexion angle

+

/-

Rearfoot Midfoot Forefoot

Figure 3. The definitions of foot angle (toe out, attack angle of the shoe and shoe flexion)

2.4.3 3-dimensional ankle angle

SoEo| SXAS HERGL| oM 3Kt 2HZ(Cole et al, 1993)0| MEE|QCOH, oM Z+ Hole HZ0f Cf
1 (dorsi/plantar flexion), LiI%/2|7 (adduction/abduction), Li /2| (inversion/eversion)2 2 g 2|5} RA Lt

2.4.4 Ground Reaction Forces: GRF

TAIZE 2o 2 X|X| FLZHO|N 2HESHE aEl(vertical GRF), T Z(anterior/posterior GRF), Xt (medial/lateral GRF) X| B2 9| *|Cj
7|8 H|uSY o, ojmf, X|HEH2 THXIO| HF(Body Weight, BW) 22 EF3}S| Lt



31 Oct, 2018; 37(5): Biomechanics of Prolonged Walking in Healthy Middle-aged Females 555

2.5 Analyzed phases

=4 #t2 H3o| X|X| f7tE 7|E2E ZF A|F(ET: right heel contact, E2: left toe off, E3: left heel contact and E4: right toe off)O|
HEERALY.

2.6 Statistics

M, HAIZE 28 HA| M0 w2 Lol Hefstnt ofx| o] FHARL| X0|= WSHE ¢ A (paired rtest)S HAISHACE HH Azt

of 2 Y2 SAInt X|HEt{ o] Bzt HHE XY HEE M (repeated ANOVA)E HAISIR S, ALZZAS-2 Bonferroni correction

2 N8t o, AN AEFFEL a = 0052 HHSHRICt

3. Results

2N, B2 MEF 2o HEfs Xto|= (Figure 4)0IA LIEILFSO|, FA[ZH 23 0|F0f & Zo|oj| tiet L52| =0]9| H|&(arch index)

0 2% 7tz ZOt/LE Oz, BF £99 OfK| &£0|7} ROIEl ZE HU2CH(p<0.05), SHX|Q| FEAXE LIEHHE Q-angle FHA|
7° 7t

SHACH(p<0.05).

[°] ----------------------
035 1
: 25.0 -
0.34 A
0.33 1
20.0 A
0.32 A
0.31 T v 15.0 T
Before After Before After
(@) Arch index (b) Q angle

Figure 4. The changes in arch index and Q angle of the subjects after 40 minutes' walking
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Figure 5. The differences in toe out and attack angle of the shoes between different time intervals (0, 20 and 40 minutes)

Table 1. Multi-segment foot angle (fore-foot, mid-foot and rear-foot)

Event 0 mins 20 mins 40 mins F p
E1 2.1+076 264156 2.8+1.95 34772 p<0.001
Fore-foot flexion E2 0.3+0.88 0.9+141 13+1.73 88.526 <0001
angle [°] (forefoot
vs. midfoot) E3 214222 214212 224226 408 p=.665
E4 734128 84+168 86+178 138.705 p<0.001
E1 -437421.25 -485+21.21 -52.2+24.23 36.272 p<0.001
Mid-foot flexion E2 -2.3+846 -1.3+8.06 0.8+832 23.659 p<0.001
angle [°] (mid-foot
vs. rear-foot) E3 64+12.85 6.2+12.94 55+12.27 1117 p=.328
E4 1141732 13.1+1576 12.5417.35 2346 p=.096
E1 1.7+1.06 22+1.00 244122 14.296 p<0.001
Rear-foot flexion E2 1.1+0.98 1.6+0.86 1.9+0.87 43.509 p<0.001
angle [°] (rear-foot
vs. fore-foot) E3 33+166 324137 314126 1.158 p=.320
E4 424142 5.1+137 5.1+141 60410 p<0.001

E1: right heel contact, E2: left toe off, E3: left heel contact and E4: right toe off, respectively

Ofx

|32, (Figure 7)2 E=2| 3XHY 2=l BistE H& A[ZH0f w2t blieh Jgjz2 BEH AZHo] S7tetol et E5o| 7t5HY
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Figure 6. The differences in GRF components between different time intervals (0, 20 and 40 minutes). **indicates significant
difference

Plantar/dorsiflex [ °] :%n,',:n
~—40min
10.9 % 8.,
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3.3% NG < o
i SN e 15.3 ¢
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— 40 min: 15.6°)

Figure 7. Averaged 3D angle graph showing the increase in overall range of motion (ROM) at ankle joint after 40 minutes'
walking (blue: Omin., red: 20min. & green: 40min.)

4. Discussion

= ATE A 2O 2t 2ol HEjet 2 S Yol HelE BHESHL OfQt A X|BEto| HatE H|WStnA} SHACE MK,
40 B 20|= ZO| OX| AZATL ZASED SHX|Q| Q-angleO| S7HSIACE 2 A[ZHO] S7Het0f et &o| E OfX(toe out) Zf
=of X|HO| Ok AX| Zt(attack angle) X 2O MF, TF, 2522 U0 =25 A&7 T715Hs 20| LIEHSLCE E3 20| &
Al =710 2dSHs MSH(braking force)o| 27|17t B& A|ZkO] S7betof Wt S7KSIRACE O[2{et Zuts FAIZE 20| &t 3HA|

http://jesk.or.kr



558 Sang-Kyoon Park, et al. J Ergon Soc Korea

A B HA|Z 2o OfX| 0|7} HOFHOf| el ObX] QB ATE ZOpE Zi0|2) TEHEILE Ol FA|Z E¥oz WHSat X|H
o| BHEXOQI MEL Lo| LIRFZO0)| gH=HQl 2517t =X E 0|0}, o|2foh f5l= YHISQ| L OfX|of Qlthet 22 +=38 X%
(plantar aponeurosis, ligaments)lt FHO| 55X 2&S O|2A|7|= AE S SoliA Lol O 229 A (stiffness) & RA ste A
O 2 HCHEITHHeadlee et al, 2008). & Yot AME2 FAZH EH A| 3IX|Q] Fo Z|O|L} QOjo= AeS Fu CHE|QF &2 FE
2tz (Q angle)= B7tote Ao 2 LIEMCE MBAAO M E Q-anglel] 7t RS0 Ldsts EFO0|L 482 O|F0{E 4= Qlcta
SHRICHCowan et al, 1996). SHXIB SAMTX] Ot LA asio| 2|0l 2lshM &s) 7tsd0| B7tot=R HES| 2 nE|X| ot
UACHPark and Stefanyshyn, 2011). 22X E FA|ZH B 2 Q-angleO| A7t 710t A2 4319 +=F0| S7H57|ELCt= BHX|Q|
PRRO| f7to| Wt Qe Ao= TEHEICE CiRE H7|ZH Hel A] 2ol Ot QIHAQL Q anglel| F7t2| HE7t X detEe

Z ofist o0 E ZHER|of et siMo] EasALt
4.2 Changes in foot angle

MAATLSOM FHAZE HHO|N LlSt= 51X 2259 D2 40| HAO| oFEEu 542 4772 XM3IZ 0[0]& 4= ATt
SR CHMcLoughlin et al, 2016; Parijat and Lockhart, 2008; Wong et al, 2015). 2 ST0|A 402 7t9| EYO 2 €|

angley= 9F 3% 7t Z78D 2o Q|F(foot abduction)Dt BASH toe out ZtE S 17 LHQIZ BIISHE 22 LIEFGCE Ol M
HATFME SHX| 2|2 LEE JIMA EHS HAIZ 42 AX| Al FE2 AUT(extension) 27}

S7tE D wRo| HiE=5

(dorsiflexion) Zt= = F7tEICED 21| QUCKParijat and Lockhart, 2008). 20| Q|FO0|Lt E OFR Zt=7t LB FItst=s HA2 FHH Ol
SHR| FETEROM Q-angle?| Z7tet L& EEMHO| O A=t SHX[TH 2 SAFoME HeS QlabHAE HYstr| ofHct CHet &
X Aol & W|7f HP2Zoz Fal 2R AQIT Z2 toe out positioned)?| LIEILLE ZS YHIEO| HPZZR O R ME L= FO| 37t
St AHFZHO| HEO| HZZ (lateral direction)2 2 O|lag ALZ O|FECE 2|1 Ys TEE B HEsto] MZa 55
SE9| %*EH’S"' | 25, AN 240l CHet 2400k Zuf, B3 A|ZH0| S7tg+8 HIHEQl =2 (flexion)Z0] S7t5ts S40| LIEHGCE

= ™
Ol= BAIZH B0 e TE2E 2F 7tSEe7E 7ot 2 E2E0| 7|o2] #F2| Holz O|8E ZO|Ch(Stolwijk et al, 2010).

MU

4.3 Changes in Ground Reaction Forces and impact mechanism

2ol AX| Ztzof WRHO| MTiE Ol XY HIE B A| X|HEIO| T Xto|7t LIEPE Ao 2 O MEQUCt Litdoz 23o| |
251A O|R0iX|7| fshAe XHo| M TS A0 Z 22510{0F siC} 20| X|H| HESHH, £20f M2t XS (body weight,
BW)2| 1~2HH0f siESte =&A &l(vertical force)Ol St HZo| F 0.1~0.2H1(0.1~0.2 BW)O| 8§ Edl= 7&$ NG

(anterior-posterior force or braking-propulsive force)0| &= %|7 f &Sk Al7|0] M5 3H(braking force) 22 LHAMBICE 0|2 QI810] O
&9 £L7F ZAs D XX 7t 2 HEE|H, Z=T3H(propulsive force)dl| 2l £=7t S7tsHs $140| 2 SHTHWinter, 1989).
A 20| W2 HHEC| Y FZO| HIE FMTH AT (Stolwijk et al, 2010)0A] ©H £o[o] LH2 ZA4std AFX| £2|(heel)
o| AHO| BUIoICH SIRULCE Ol FA|ZH EHOZ & WA 2517t [HL|H LxY SEOZ KAUAYA HSHE SIHAI|= A
40| dojLts Hoz TEHEDE Ol MEQ 11Xt 2/d(material property)dfl Hsl =2F 220 x| IjE(fat pad)’t A2 S0t
ALt 2812 AC|7|of MsICtn 813CHDe Clercq et al, 1994; Wearing et al, 2009). 2 ®7Lo| ZIt: HeHo| A|ZH0] B7I&4+2 #|
50| H2l= =H(weight acceptance phase)dll 'Zdidt= XMS20| HAH S7H5t= 2140| LIEFHCE O|m, AX| Al 0| X|HIt O|F=
2} (attack angle) SE3F ECH AKX T'Eﬂg 0|83l 542 A0S0 AX[HEN7F LIEFHTE MEtM, ZAIZH EHOM MAl= At
AR ol £EtZ F0|7| o £t THECE I 2Histe 2 & (compensation)tt &S (adaptation)2| Mg S &kl HO2
THEREICHStolwijk et al, 2010).

HAR S ChstelZts5ta| K|
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