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Spring model predictions.

Athlete Non-Sprinter

Per the methods outlined by Alexander et al. (2) and Robilliard and Wilson (32), half-sine wave B
farmulations of the vertical ground reaction force waveforms predicted by the spring-mass model 41 s
— 50m/
were determined from the runner's contact time (fc), aerial time (faer), and step time (Istep = fc + — 6.0$I:
3 1 — 7.0mis
E‘E.er): - 8.1m/s
i 2
Ty (D Y (e (L < i Eqg. 1
F) /Wy —{ (3) ( T ) HIH( (m))‘- 0=f<t,. ((Eg. 1))
Ote =t < f gtep 1]
0 T
0 0.05 0.10 0.15 0.20 0.25

57 B Athlete Non-Sprinter at 9m/s

velocity Tc T air
3m/s 0.25 0.14

" 02 0.4 06 08 1 6m/s 0.15 0.121

Time (s) 9m/s 0.112 0.111

. Reference : Are running speeds maximized with simple-spring stance mechanics?

Kenneth P. Clark, Peter G. WeyandJournal of Applied Physiology Published 15 September 2014
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1 - cle: clear all;

| IR R e il
3- ltc=1[025015 0.112]; taer = [0.14 0121 011115 u_f =III.25;I

4 e e e e o o o e e e o - = o e - - —— — l

5 - Tfnr k=1:13 omysOil A2 & 248 Dhare
E- | t_step(k) = t_c(k) + t_aer(k): 3 ‘\

7 - end 2sr \

& z \

-  t1 =0:0.001 : t_step(1); t2 =0 : 0,000 = t_step(2); t3 =0 = 0,000 : t_stepi3); C _— )

10 1 \

- Cifor i =0 : 1000t _step(1) . wolf

12 — for k =1 & k1+1 of

] = F Wyllki+ivk) = (pi/2)+(t_step(1 )/t ) esin(pi=(t1ik) A c(1))); 05

= F Wl lklxi+k) = —u_f+(pi/3h+(t_step(1)/A_cil))+sin{2epi+ (L1 (k] A_c(11)]): ’
15 - if F_Wel({kl+i+k)=0

16 - F_Wylikl+i+k) = 0; F_Wa(kl+i+k) = 0;

17 - end

18 - end

19 - Lend
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O SimulinkS 0|25} 2249| X|0f

O - 11

8- 40p 0|2 R |FE
N[
( ) ak " Y f xfraction force)
Clock fen -
e ference v="9m'sforce 4 Lo
9 ) g}) " } o 1 s
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initial velocity Umi+m2)  a-=v
measured velocty
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Frame modeling

#” Motor : 7HP ,55Kg
Inverter : 5kg
Z|C{== : 0~35km/h
%= A2 270kg

KBF-T2.0



modeling Frame modeling

Frame modeling

U.S. Patent Feb, 18, 1992 Sheet 1 of 5 5,088,729 AN

Figore 2. Finite clements of runmng machine frame.

Table 1. Material properties for mnning machine frame

rnaterial E (if) o (gl v
;T-.‘__"" e —
Iron 207 TR7 (.29

Reference : O|ZM ZM[2t "2 d A = ol RS, it 7|& d3%t2l=&X], pp31~35 £ HE 2001



modeling Frame modeling

O

Frame modeling

modeling :

of =T HEHO| THHO| [ -beam 2 O|RILCt.
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O I — Beam S} Ad

Section type:

| H-profile

Section height:
h, 06
Flange width:

hy 041
Flange thickness:
t, 0025
Web thickness:
t; |0.02

modeling Frame modeling

> CHHA Ay LH-SH| 20 R=E HiE
=m M=z iron@Z 71-.

— 1
SEVESE

(@]

Ao @ (with motor ) : motor Z2F 60kg Y&k 27} p = 17459
oge: B (full frame) : p = 7870 &< [EJ(corner frame) : p = 136 * 7870

% FRAME & ZF : 243.7Kg
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I9m/s x t_c(0.1s) = 90cm



modeling Frame modeling

O Prediction

A A

B =5 22 (1~25cm) B) Safty zone(120~159cm)
2 L H Al 9FE E(26~50cm) B3 Coner frame(160~169cm)

gl gt= 22|(40~140cm , 90cm2| sinii} S} 0| 7t &)



modeling Frame modeling 2D modeling
Parameter
4 & YX|LTT| AlE Lbeam_13_% #3}_1300/= mph (ool “  w Parameters
4 () Global Definitions
pi rﬂa?rﬂelters " Name Expressicon Value Description
[z2) Materials
4 [l Component 1 fcompi) xl 20[cm] 0L o
4 = Definitions x2 150[cm] 15m
M pwa (w9 q 9.81[m/s"2] 9.81 m/s?
% Edge Probe 1 f2dge1) m1 0.016%0.9+7870[kg] 113.33 kg
| LI_.] Bﬂundar}r S}Gtem 1 {’5}151_} t_StEpg' GEEE[S] 02235
v [ view 1 tco 0.112[5] 01125
4 A Geometry 1 mu 0.25 0.25
a Work Plane 1 fwpl)

x2 RET RIX|CHO| QX2 x1 SEM XX CHO] YKIE 2

x1
Parameter0f| ™ O|sl{=L|LC}.
I8 B 8

M= m, friction coefficient ‘v’ 2| Al£+=E Holl&L| Cl.
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modeling Frame modeling 2D modeling

Point Graph: x-coordinate (em)
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2D — Beam — Boundary condition

=T
| Model Builder Graphics - - 1o | >
(=]
A et LT R caReE L-hkk aEscBR ®@ 1. I\/Iaterlalg Irone 2 7§§OH—.|_—E|-.
4 % RET7| AZ L beam 24 sinE mE2_mp - & o [Fea =
- @ Global Definitions
Pi Parameters
() Materials
4 [ Component 1 (compl)
i = Definitions
A Goney 2. Y4
4 353 Materials
v 552 Iron (matl}
4 3 Beam (beam)
* 3 Lingar Elastic Material
» 3 Cross Section Data 1

b B Freel 4 K
P ey
¢ 3 Initial Values 1 0 0 3 . |

o [ Linear Elastic Material 2

* [B Linear Elastic Material 3 — E
v (= Edge Load 1

b B Gravity 1
* [ Edge Load 2
o &% Prescribed Displacement/Rotation 1
* 3 Fixed Constraint 1
b A 3 Equation View

4 "o g b A Mes z L -
| — t.. 4. A Aof Edge loadE 7hetc
) [£ step 1: Stationary

. W ¢ e Caluar Canfimiratinne

P o

e T

Hu
=

S L5 =L

>

|CHe| A2, x11} x2= Fixed Constraint
.

i =C

oz
OF




modeling Frame modeling 2D modeling

O 2D — Beam — Edge load

el mEla
ID>20 BHUM-> FHUY itk niey I||

e

om/stl M2l S0 DHE S

Edge Load R M - N 3 LU = SR G Sl T T TRE TN e | (= = O ]
Label: sin load

Edge Selection

Selection: ‘ Manual

=

Active

& G &
=1 | 4

Load type:

Fu | User defined - o 0.05 01 0.15

( N, X
m
! 0
Tl

z Q 0
e

vvvvvvv

=& %%% (-(pi/2)*(t_step9/t_c9)*m*g*sin((pi/0.9)*(x-0.4))-m1*g)

OFEE  mu*((pi/2)*(t_step9/t_c9)*m*g*sin(2*(pi/0.9)*(x-0.4)))

02




modeling Frame modeling 2D modeling

O 2D — Beam — Line Maximum

Model Builder Graphics

- R aQa@Ael | Lrxzkz hEaBeRr BEEF ~EEE2 @Fes i

@ AX|EHR| AY Lbeam 24 sind_HEE_m *

4 () Global Definitions
Pi Parameters

Materials

4 W Component 1 (compl) _ Line MaXimum

v = Definitions
YA Geometry 1 —
4 525 Materials . A HFAHALLS= =AM ZFO

v 252 ron (matl) 150 l O‘” -I |'— H |
2 T2 seam beony Llne = OO Ol= =

» 3 Linear Elastic Material x EH 7o A =

» BS Cross Section Data 1 —1—| E O:I — |

P E i Free 1 100 S EA = = <

¢ B nitial Values 1

* (B Linear Elastic Material 2

* (B Linear Elastic Material 3 ' —

b [ Edge Load 1 O.”A-” 'LL|-OI 7I-_

¢ B Gravity 1 30 = data EE EXport <

[ Edge Load 2
5 Equation View
¢ &3 Prescribed Displacement/Rotation s}
0]
X

1Y

e N KIXIC X & = #2], &E
¢ A Mesh 1 \L'

sty | & 1ot 7S

Parametric Sweep
t Step 1: Stationary . - -

 [Te- Selver Configurations Messages Progress log Table 4 -
© 24 Job Configurations
a [E| Results i gx’ﬁﬁui V" T ENEEE-~-
¢ B Data Sets
bl Views x1 x2 Total displacement (cm) ven Mises stress (W/m":
4 £ Derived Values 26000 [161.00 1.3933E-4 5.5842E5
wax Line Maximum 1 26000 [163.00 1.6062E-4 6.0607E5
- BB Tables 26000 [165.00 1.8405E-4 6.5235€5
~ i 3D Plot Group 1 LY || 26000 |167.00 2.0996E-4 6.9730E5
* i Stress (beam) 26000 [169.00 2.3803E-4 7 A447E5
~ i Moment ¥ (beam) 28.000 |161.00 1.3242F-4 5.5119E5
* W Moment Z (beam) 28000 |163.00 15318E-4 5.9843E5
W Shear Force Y (beam) 28000 |165.00 17611E-4 6.4430E5
j ] Shear Force Z (beam) 28000 [167.00 2.0139E-4 6.8381E5
%?jiilo?ﬁ;b::mmm) 28000 |169.00 22868E-4 73553E5
&g Beam Orientation (beam) 30000 [161.00 1.2647E-4 5.4466E5
© ~% 1D Plot Group 10 30000 |[163.00 1.4660E-4 5.9148E5
WS Stress (beam) 1 .| 30000 [165.00 1.6914E-4 6.3691E5
S | . 30000 |[167.00 1.9368E-4 6.8098E5




SHiAd 2D modeling X|X|CH K]

O 2D - Beamdl|Ad A| Z|A X|X|CH &/ X]
Optimal = min(max(8 $)xmax(S5))

& 7927 - CHUserswAdministrator#Downloadsw12_74... L= i)

ZHH27|
%1 (l:|I yal Max Max
TE7IE| 49| 7HHE HOIE ¥4 | 7HHE 5 2 =
displacement Vonmise-stress
[ (cm) (N/m~2)
s [ 260 xmmrmmomeene oy 0.0001025 521774 53.47
A 2 -C . > & E | optimal_design_13_over130_m.m Ml Fgraph.m .
NUMBE‘IR 'NUMBEﬂR ~ NUMBER ':: MMMMMMMM l-:;:“' - | 1- eles )
1|x1 x2 vonmissess... | displaceme. ... | optimal 2 _ oet I 2l th? ”‘ b svonnissestress: 19 15 1 0'0001013 553 506 56 07
2|16 148 392632353 |8.32E-05 32.667011...] -
l 3 e 154 558107.45..|1.39E-04 77576936, ; _ ""E‘It : - 1(7 ’: vel): 16 145 0.0001391 404539 56 27
e 145 412164.49...|2.26E-04 93149176 5o it optinal(i) == min
5 |16 151 394564.80... |2.50E-04 98.641202... — =;
S P e e e L @ @ 24 161 0.00011043 512671 56.613
7|16 145 412164.49.. |2.80E-04 115.40605...| 8= end
813 148 328412.25... |4.01E-04 131.69331...] 10 - osition_xl = »1(k)
9 e 148 558107.45.. | 2.63E-04 146.78226.. | 11 = Ensit ion_x2 = =2(k) 23 161 0'00011368 516097 58'671 4
10[16 154 396470.52... |4.58E-04 181.58350...|
1113 142 521774.34...|3.59E-04 187.31699...| z
ue e e e 22 161 0.00011717 519791 60.902
13[10 142 522930.166 |3.82E-04 199.75932._| position_xl =
7 EN (TR 52 149 0.0000235 299716 7.054
15)19 145 558107.45.. |4 27E-04 238.31188._ 16 @ @ . :
16[16 157 398346.87... |6.83E-04 272.07091...]
B i s e Jorrower positon = 50 ey 0.0000246 2HLS =l 1
1910 145 506251.55... | 5.60E-04 283.50086...,
; 2010 139 658260.55_.. |4.63E-04 304.77463 - 148 _6 7‘ 174
; SR fxoe
— 1] 2 12 4167
H displacement 45x1 double
%\ 45
k
Hmin ;2 6670 37 42.96 2
%n 45
optimal 5x1 double
EE ps:it\on_xl fﬁ '6 44 40
E position_x2 148 o
H vonmissesstress 45x1 double
Hx 45x1 double
Hxe 45x1 double

AN M7 2T E52 SO @OFY oM THY T2 B9 BIBhol stress 7t 47| HS 05T

1
£0
£Q



Total displacement (em)

von Mises stress (MN/m?)

SHiAd 2D modeling X|X|CH K]

O

[ - Beam modeling®| otA|

Line Graph: Total displacement {cm) o
x10™ [
—— 1:x1=10, x2=130

laf —— 3 x1=10, x2=136 | 7|
atieenas || T =
1al — o x1=10, x2=154 | | { o|_|-7:”
1.2+ . 7 h

T 1. AKX X|X|CHet fixed constraintl| X} O]
2. o5 Hot2 QIot stressO 2=
3. A Eo| HIZ QISt stress| A=
ol | | | | | | |

0 20 10 60 i?c enath 100 120 140 160 B u-t

. . ) u //m
Line Graph: von Mises stress (N/m®)
; ; ; ; — | I_ D e
o | ——— 3l 0|2 20| 9= AN, By

5l —_— xl=16, KZ2= 4 ' - -

a5k —— 28: x1=16, x2=154 | | % (P:-IO'I l;ﬂ[l—% é‘ —JF%!': -

' —— 37:x1=19, ¥x2=148

ar 39 ¥1=18, x2=154 | |

sl T E ol S

5] | 3D-full TREAD} HDE S5 HB!
251 B

2_ -

1.5+ i

1_ -

0.5F \\\k_.‘_

0 20 40 60 80 100 120 140 160

Arc length
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Sl 3D modeling MA| HE &AA =

O 3D modeling — Parameter & Boundary condition

[E] Bxtrude 2 fa2)
o Work Plane 3 fisp3)
[E] Bdrude 3 23
[T Block 1 bik1)
[T Block 2 bik2)
[T] Block 3 (bik3)
[T Block 4 (bik4)
4 & waork Plane 4 fiypg)
4 A\ Plane Geometry
@ Ellipse 1 (21)
Ellipse 2 (22)
b2 View 5
Form Union (fin)
4 525 Materials
© ags Iron (matl)
4 0= 5olid Mechanics (solid)
" i Linear Elastic Material 1
b G Free 1
T Initial Valuss 1
" (mw Prescribed Displacement 1
( - 1B Gravity 1
" (mw Boundary Load 1
" (mw Boundary Load 2
" (mw Prescribed Displacement 2
* mw Added Mass 1
S Equation View
b £ Mesh 1
b Study 1
=22 Parametric Sweep
L% Step 1: Time Dependent
+ [Tr. Solver Configurations
» &4 Job Configurations
& Results
v Data Sets
<L Views
© #32 Derived Values
v BB Tables
WY Pteare fzalid

1. X|X|CHe| {K[E x11t x2(2AH H=)
£ parameter| & o|sl|=L}.

2. Material=2 Iron@ £ M| =L}

3. K| DO Gravity2 7}HC

4. S|l Y= modelingStLi.



of| A 3D modeling Add mass

3D modeling — Add mass

Added Mass

+= BB Add mass Z|lesg &

Boundary Selection

o|S80] WM TEkE .

DOFE 10%EE

8¢ $ AU

gy |6 %+
-
Active ﬁ:l 'fi
<>
|- Owerride and Contribution
I» Equation
I»  Coordinate System Selection
+ Added Mass
-]
kg
| Isotropic v|

G gy,
P

ea@@a@ Lz HheEeMMS!
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3D modeling

3D modeling — Time-dependent

* Time-dependent

-
Time Dependent
= Compute ' Update Solution

Label: Time Dependent

+ Study Settings

Time unit; | s v |

Times: range(0,0.01,t_stepd) s |:|
Relative tolerance: 0.01

Include geometric nonlinearity

- Results While Salving

+ Physics and Variables Selection
Maodify physics tree and variables for study step

Solve for  Discretization
Solid Mechanics (solid) | E4 || Physics settings |
4| m | »

Fhysics interface

[

time dependent

omysOil Mo S0 DHE S

— 1
ofgt.

07| ?l5td] ot =7]|2| &
AlZt2hs S A SERALE




3D modeling — Boundary Load

« & 3D0_14.mph (oot
4 (7)) Global Definitions
Fi Parameters
(52 Materials
4 [lm Component 1 (compl)
4 = Definitions
& periodic(t_c/t_air) fanl
S Piecewise 1 (owl)
,ﬂ; Global Wariable Probe

44

------

3D modeling

omvsOil A2l S22 0 OF =

0.05

0.1

0.15

02

Boundary Load

-

Coordinate system:

| Global coordinate system

 Force

Load type:

| Load defined as force per unit area

Fa | User defined

(mu*(pi/2)*(t_step9/t_c9*m.. |x

]

=

(-(pi/2)*(t_step8/t_c@)* m*g*... |Z

=& EHB (mu*(pi/2)*(t_step9/t_c9)*m*g*sin((2pi/0.9)*(x-0.45))*an1(t))

opE=

(p1/2)*(t_step9/t_c9)*m*g*sin((pi/0.9)*(x-0.45))*an1(t)




ofjAd 3D modeling Boundary Load

3D modeling — Boundary Load

(mu*(pi/2)*(t_step9/t_c9)*m*g*sin((2pi/0.9)*(x-0.45))*an1(t))

(pi/2)*(t_step9/t_c9)*m*g*sin((pi/0.9)*(x-0.45))*an1(t) '
3]

(-(pi/2)*(t_step9/t_c9)*m*g*sin((pi/0.9)*(x-0.45))*an1(t))*(x<0.45+(90/11)*t)-
(-(pi/2)*(t_step9/t_c9)*m*g*sin((pi/0.9)*(x-0.45))*an1(t))*(x<0.15+(90/11)*t)

|
- | Fgraphm x| untitled* | + |
1 if (0, 15+(90/11 )+t <k, 45+ (90711021 )

E= JEHL
3 end|

tS t+t_step9/2= LWy




ofj A 3D modeling XIXICH {1

O 3D modeling — Optimization
Optimal = min(max(#Y(T_step9))xmax(S & (T_step9)))

NUMBER ~ *NUMBER v NUMBER 'NUP\:WBER *MNUMBER - IE ele i
1 (x1 %2 t displaceme..|vonmisesst - gy " - lonathCeD: M \Y/|
LESIU = o|  3- Efori=1:n/23 %'gl x1 . = e
2 14 161 0 142610 [69.00375L.. 4o k= (17423 displacement Vonmise-stress
3 |14 161 001 0.0055082...|146E+07 E. 0 toriel: (cm) (N/mA2)
4 14 161 002 0.0084562... |2.16E+07 - partialstress(i,] = vonisesst ress(ks )
5 |14 161 003 0.0021705...|73807454.. 7. part ] displacenent(i, ) = displscenent (kei @@ 21 140 0.0053 10798000 57400
6 [14 161 004 0.0059949... 156507 B- L end 19 140 0.0053 10911000 57900 2
7 |4 161 005 0.0078793...[2.03E+07 g-  Lang
o he e o PR e 0 Hror!=1: o/ 21 142 0.0053 11014000 58010
g |14 161 007 0.0059781... [1.58E+07 I1 - | max_stress(i) = max(partial_stress(:,i)); @@ 22 167 0.0086 11700000 100050
10 |14 161 0.08 0.0085517... [2.17E+07 12 - | max_displacement (i) = naw(partial_displacement(:,i));
11 ja 161 009 0.0022650... |6800242.1... 13- Lend 22 165 0.0085 12700000 108400 4
12 J1a 161 01 0.0063576... [1.71E+07 14 - optimal = (nax_stress.+max_displacenent)’;
13 f14 161 011 0.0071843...|1.87E:07 15— ops = optinal’; 22 163 0.0088 12300000 108780
1 |14 161 012 0.0016062..5530225.6.. 16~ optinal2 = sort{optinal, ‘ascend');
15 |14 161 013 0.0070618._|1.815-07 17 @@ 40 142 0.0033 7123000 23247
18- [lfor | = 1:n/23
16 2 161 014 0.0069158...|1.81E+07
i i 015 0050 L1087 ;3 _ T UT:imaééi?:gptima|g(1) 40 144 0.0032 7281600 23739 1
- = 23+

18 ja 161 016 0.0064914...|1.60E:07 il » 38 142 0.0033 7259100 24146
19 ja 161 017 0.0069325...|1.76E+07 5l ‘
20 [14 161 018 000250113 |60911445.| - { = ‘ n B n 9613000 62535

4= | 9937000 68867 3
Ea a—

displacement 690x1 double -

oo A A 1010000 70681

2D I-Beam ofj 4 {2} 20|, @@F Y O M 7tE 22 HP| Bl stress 7 W7 [= AS O|5E = AURUCE
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Result
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© =2 % modeling
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