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Analysis on Differences in Stress Distribution of Foot and Ankle at
Different Push-Off Angles Based on Finite Element Model
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Abstract; Objective To simulate foot-ankle stresses at different push-off ankles in ice skating, so as to obtain a
reasonably quantitative relationship between push-off angle and foot-ankle stress through optimization analysis.
Methods The finite element coupling model of ice hockey shoes and foot-ankle was established, then the
kinematic parameters of ice hockey players were obtained by three-dimensional (3D) photography for model
validation and boundary. The foot-ankle stresses at different push-off angles were calculated and compared, and
the multi-objective optimization function model was constructed. Results At the same push-off angle, the stress
of the tibia and fibula was the largest, followed by the subtalar joint stress, then the first metatarsophalangeal joint
stress, and finally the plantar fascia stress was the smallest. As the angle of push-off decreased, the foot-ankle
stresses increased monotonously. The stress changes of the tibia and fibula and the plantar fascia were large,
and the stress changes of the subtalar joint and the first metatarsophalangeal joint were relatively smaller.
Conclusions During the start-up push-off phase of ice hockey, the push-off angle and foot-ankle stress show an
inversely proportional relationship. The optimal push-off angle depends on the expected value of skating speed. If
the preference coefficient between speed and stress tolerance is given, the optimal push-off angle can be
calculated by optimization method.
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Fig. 1 Finite element model of ice hockey shoes and foot-ankle
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Tab.1 Element types and material properties in the model of foot

and ice hockey shoes! 15!

B OTEE EAMPa L
(kg - m>)  mm?
JEFBEE Solid 187 1 0.40 — —
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JEEAF Springs 260 — 937 18.4
A Solid 187 7 300 0.30 1 500 —
JEJEAE  Link 180 350 — 937 290. 7
SEFSNI Solid187  13.25 0.45 613 20.38
BEFSANET Solid187  76.65  0.45 476 35.01
HRANE Solid187  340.87  0.45 952 70
BIKHNE Solid187  12.66  0.45 781 170. 65
BRI Solid 187 3.49 0.45 132 223.44
BRANZE Solid187  83.46 0.45 395 36. 18
Vi) Solid187 206 000  0.38 7 700 —
VKIIHE Solid 187 895 0.38 — —

Vil Solid187 1240  0.30 917 —
PR Solid187 17000  0.10 5 000 —

1.2 =REVIGIE

i Novel emed-X & JiE H 7703 A ( Novel 2
ﬁl ) AT Pedar-X Fe 780 #E #4038 22 58 ( Novel

OS] B [ 2 RAE 2R B VKR ST M7 38t 7

49 JE D JEC R iR D (R % i 5 40 A7 K i , S BRRNR )
M RAEARI N 100 Hz, 7632 bRaad i rh | %
JEEN VK I X AR i 4 3, Lol 1 R R R
2 mm [ EVA #8 F IR, AR RISE T R v | R
FE VK BR A BR AR A 55 b 1 S A P R A 1 2
2 mm JEFE K EVA (BPERLE 4.25 MPa, A H
0.45) ,7KJIHI EVA #2Z [R]EEHEHECH 0. 6,

BB AE 25 P BK A 7 i b o, B 12 (R
(375 N) A Ay A Je 7% 37 i) i 1 b T S A FH 7, 0
JI FHE B 1 3% T S S A0 A T S 4 A 4% O 1) 60 B8 58 4
[ 22, 2 BRANMY G R RS2 77 it 187. 5 N HE H [
AR Yl R R R (R RE P IX
B RN [R) 4 DX 58~ S vk BR A T IS R o 0
{H TR A HR DX SRR 0 JES R 7 42 fok i L Ay S 0 A 5
BT HE, EA TR AR GG IE MR 4l 2 IS 52 1R A,
BRI X BN A | Bk Gy A | BR AL | i
VNS SO
1.3 ARBKAERRITEM

fdi F W 65 5 B2 PL ( FDR-AX700, SONY 2%

Al HA) fEIU VIR T Ror vk ek g s #E 4T = 4R,
SR T B BT Ty 1A BT STy SR AR

60 Hz, Pi & HHHLIE f Q’Jﬂﬂ 90° , Jf-feff HH 4 5 R AE 48
PEFTASIRIAR A . SCUR I B, 32303 MR 5 A i Y1 1
fls 20 m bR E), E_%E{JK{‘%" a8 AL E Pl W AT
HRE A (5.21£0.33) m/s, RERD 3 WABEIE,
S W38 3 IR R G R AT AR AT, R R R A 2
PR AN IR R AR AT TG s 3 b R
PR 4R 5 M T Y ey, A9 R S B UK Al R AE
60. 8°~80. 9°Z [H] ,

UKERES UK B VE 43 R i 2l I 38 i B 65 oK R e R
TEAT B B B K, ASIF S AL 3h n i vk B B 3h
VB, X vk - 2 BRAE IR oA 78 A i Bk B SF T i
Ja JEA R RS AT AR AR B AR AZ 75%
Bty Ry BRI 7 SR AT M A, AR SR b T R AR )
SECN A E R 2 fERY, B 15 kN BRIk
1. 125 kN, 2y s oK K - FI R 5 ], 0% oK 1 46
B 28 A B0 b 1 S A 7, UK 0 RN oK T 22 i) JEE 4 R
R 0.003 ., FEA FROTAERL K vk T 5 Hb T Y 2 £
B K 90° .80° . 70°H1 60° , F-AT I vK S VE 15 ELAE L)

(LI 2) o r B e e (BT 56T 5 1 Bk
TR SRR IR
90°

(a)Tﬂﬁ%#}E

= Fixed Support
= Fixed Support 2

(b)EE VKB AE IR T X
B2 AREKHEREKDENETX
Fig.2 Push-off angles and loading modes of pedaling action

(a) Different push-off angles, (b) Loading mode of push-off
TE AL A AR IR T, S G FT LUK i S E R T

1.4 HESITS®HASH

JH SPSS 25. 0 B A% 5 E T34 B AN [R]85 vk
FARET BN ST A T EE GE T, XA [ B8 vk A
[i] — A7 IO 3 R[] 868 oK A J3EAS T3 462 102 3 9331l
HEATXRE AT, SIS vk A R R A A, R R R
JIR AR i R FH S5/ Z 3R vk 406 01 IH oR 2L, 3K &
T VKBS 5 B KA BE I R R Eﬁuﬁﬁ 3 S
RZERB L HARE AL BB AL it MATLAB
G, SEILPL Ak PRESCR T () SR i



K=, % ETARTERSHARBAAECRBENIMER
ZHU Xiaolan, et al. Analysis on Differences in Stress Distribution of Foot and Ankle at Different Push-Off
Angles Based on Finite Element Model 1141

2 ARLER

2.1 BRTHEBEIE

SN RN A BRI HUL B T RS R A 0 (R 43 ) A
9301 022 kPa, 25345 T 0K JJ J1 7] h A & (UL
Kl 3) . A FRITHHUE S S EL X 250 92 kPa, 12
ZEFN 9.9% , FR5E A A FE AR — 3, L AT A R T
BN T I 42 fk 18T AR 5914 25.5.23.5 em®, B 4D
LS /N 2 em? IR 2ZHN 8.51%

(a)SE 0145 S
,—_—-Eﬂ-‘-_
(= ) I o

0 100 190 280 370 460 560 650 740 840 930 1022 kPa
(b)F PR TTARIU S R

3 JIRIE®S

Fig.3 Pressure distributions on blade bottom (a) Measured

results, (b) Finite element simulation results
1 : Novelemed I 42 22 ¢ 7Y I 3 Al 181 9] 8 7S dc oK R 58
300 kPa, BRI B KRR 1270 kPa, &) R38R T
300 kPa ¥ #3(,

S AN A BR TR UL A JES T iR 0 1 43 ) R
77.5.72. 1 kPa, £ FROCAUE FLSEI{E /D 5. 4 kPa,
TRZERN 6.99% , 1t B AR AT, L o T
FUA BROTHAUL5 S 40 S A i G, 1 B4R P 7
551 BRRESCTT AL R BRAL (WLIE 4)

JE 5% /kPa
90

80
70

()sEBLER
B4 RIERERESH

Fig.4  Plantar pressure distributions

(D) SHMBMAE (o)A RITHIL R

(a) Measured
results, (b ) Measured and simulated overlays,

(¢) Finite element simulation results

Sz E A G, 58 1 BRBEOCTY R ER AT
AL P R R 22 R4 0 A 3.98% | 6.97% |
5.44% 5.53% (WLIKI 5)

= %
= Kl

[}

%IEEEJBG’FE EEE LIES
5 REAESXFEHEBRITLL

Fig.5 Comparison of average pressure at different plantar areas

2.2 BEHMMATEFE

TE A [R) B AR R Je JHE A B2 0 B4 e K, R

KNI Z 50 1 Bk 519 0 7 /) | T G 7 e
JE Ay dResIN o B S DK A L 0 i R 1 T (BER

SRATIE AT B 1 B SR R 7 DL B A TR A R L )
B (AR 2) .
®2 FEBKRAETREREBLEA L

Tab. 2 Comparison of stresses at different parts of foot-ankle

under different push-off angles A7 . MPa
5 i -

. r;;ﬂ: . EWE O ETXE éliﬂi R

90 13.97 7.93 3.81 0. 039

80 21.61 9.51 4.27 0. 044
(54.69%) (19.92%)  (12.07%)  (12.82%)

70 33.15 10. 76 4.32 0. 094
(137.29%)  (35.69%) (13.39%) (141.03%)

60 49.53 12.13 4.49 0.097
(254.55%)  (52.96%)  (17.85%) (148.72%)

IR B 90° A LL

K 90° B ik A BE S L BRAS I AV B 1, X
b 3 ANBE DKL B 7 5 IMELASOE — L AR B, 15
FIREHER BER O 5 1 Bk OGRS AT 4 4
BTy R EARAR T L (WL 6) o 5 90° e UK ff1 B2 I
FRSE AR L, B B8 oK A B8 /0 Bt JHE -8 17 1 4% o

W LR, 2 1 B R S 07 ) B8 i R fe N, (ELAS
FER A, R A IR 7 A 700 8 DK A1 I o i T
90° . 80° It K A1 FE I YIS 7, (H5 60° 18 pK A1 JBE I )
I SIARIE
2.3 ZERRULSH

e HURS K AR RE O A




EREMANE $£375 Fo6f 2025128
1142 Journal of Medical Biomechanics, Vol. 37 No. 6, Dec. 2022

I~
1

- JRJHEF

= BT R
S B BERT
—~ RS

(o
T

L FI AR BE /1%

(=)

60 70 80
BEUK A BE/(°)

6 EkRESERAEELNEBEXR
Fig. 6 Relationship between push-off angle and stress

increase at different parts of foot-ankle

A (F) 2R /D B 004 [0 5 pR g
F=118.23 - 1. 182« (1)
Xof (ALY Ty R R AT 445 B 43 B, LA OC R 4k
fHl R*=1.00,
HESCHR[ 9 Fp < ¥ v B2 19 AT 5 B8 VK A B 1Y
TN ARG, BRI 10 3 K 69 mm/s” LA M
SCHK[ 227 Hp < 38082 ¥ UK (R 47 E B 2R 0 AT
13.33 m/s S %F 7 1 34. 6° B IS vk AR BE” VN0 G 45
F, G ST BB VKA () S VGEBE (v) FIXT R DGR
v =15.717 = 0. 069« (2)
WA TTRE(L) L (2) S ALAL H bR ek 5L
L =min{ (118.23 - 1. 182x)% +
A(0.069x — 15.717) 2} (3)
A A AT 50 SRR A>T,
X EARREEAToR 1 B REOEE T 0, R i
P vk A
15. 7171 - 118.23
~70.069A - 1.182 4
Pt PR A BB, 2R it 1) 4R A5 B K
PP K D - PR - R IE B Bl (N =2, 3, 4,
5,6,7) ,AI45 1 41 5C T B8 vk AR BT | oI B R 12
B SRS R (W3R 3) .

x3 BIKAEMRLER
Tab.3 Optimization results of push-off angles

A

2 3 4 5 6 7

x/(°) 83.1 72.9 61.1 47.4 31.2 11.7
F/MPa 20.01 32.06 46.01 62.20 81.35 104.40
v/(m-s") 9.98 10.69 11.50 12.45 13.56 14.91

3 e

XA FROCASE R SG UE , A AT 58 249 (8 T 592 36 51

IR 5 A FROGR SR 1% 22 R AT 48 A
BROCEEAEIA R 22 AR SO BUR R R SR I J1 IR
S iR I8 AL TG4 fh T LR 0 JEE 42 fk i AR s ) S
A5 0 FLAEXT LE, IR 22 R I/ T 10% , I, A&
SCHENT B pRER A - FE R RTS8, T TR 2k
PrEIHA,

AR I 2 o A S R 2 R T BUH R
Vil G B VK AR BN 32 30 1R B
832 2 b T S A Jo 0, S BOR R R
FRBE S T 5 R 7 LR AR M A8 (RO Y LA B
R A I R o R IR R 2
i R F A i B R R A R T
THRF SRR, L IR 90 M 17 7 I B O Ay B D/,
FRAE T0°BE VKA IE | B A 5 107 7 394 T i 2 Ja 344
ULHATE 70°88 DK A1 B2 A BRI AT AE 1 A
A AR R 1) AL R A RKANE , [RIRE, L)
RIS DU B R R b, AR SCERIR R e HE
I 3 S K R D N T R A o 0N i K
FARE S BRI o BE AR, 3 AL R AT 5 1Y g
JIRETIN, I KGE B 5 B 4R RS T A
FODRERBEEAS L AR BE OR3P BROC Y ST | (ELRE
BB UK A RE B/, B I T G R AR B B TR AR
JE, T 2ok BRiz gl b K B UREE < WA e BEVER A7
DARBROC AL, 5 IR ], B
(18 g ) 5 A A A A S v ) 7, 52 ) A S A 2 21
R A A PKEREE A T T 0 — 2R
1 AT EH S YT S Ry Bl K A R N
MR BE R/ TRIRE, T80 1 R S A5 B ik
KANILT A= ia gl , M oK AR, 55 1
kSR 2 73 A2 PR PR /DN, A R 1 KRR AR 3 T
VKERIZ S 1 B FBA LG B0 R AR %
LR S AE T BB AR A 1 B SC A Y
AR B N A AR — 2L

SRAR PG M/ A DK AR RE B RE AR A TR Y
T VIGERE , (E DA 475 DRSS 3 B2, 30 7 ] g =% 88 vk
A RE W N R BRI A L ) B R AR A R e, AT
AR IS 77 g (51, 68 3 58 2 7 5 88 oK ff J3E R Ay
Z BB, 15 21 i R -5 188 DK A B2 114 PRI
KFR o i by PR BU{ELBR A, 3 W 0 3 52 ) 5 oK
Ko 38 3 e PR WL T8 X T o e B2 F B0 A5, DA
11T 280 88 D A - e R L BB D R PR A 5%



KIR=,%. ETERTEBESTARNBEKAEECRBENIFESR
ZHU Xiaolan, et al. Analysis on Differences in Stress Distribution of Foot and Ankle at Different Push-Off

Angles Based on Finite Element Model 1143

B RS DA IR T S B 0 2 D R I
H LIRS REST, QR4 R R 5 0 ) 7R 3 Z [ 1)
i 2580, 3 S AR ST AR T ¥k AT ATHBRE s S L
KA

ARSOH K ER 3 20 15 S B Bz 2l 53 A R 15
VKA JE B DRI 9 f2 BRAR R ) AT TSR T, 25
FIvkERiz 8 e DL e s S5 B Be AT 55 AN () 8
VKA 5 T RE X IO 06 R B T RN [T A
ZEE AN TF SR T Bt R I 7 MBS DK A R R OK 2R
PEATOIIE o S5 SERT T3 e 7 — A0 I ARG A O vk 3
T, X URER B8 DI e vh R R B g BF 1 B Rk SR
TR AFHEAR R A H B R R, 2345 75 18 L R
HEARN ) 5 I K B B K R 2 B YOG R T
BNz iR T

4 it

TEVKERIZ SN IR S Beds vk B b B Uk 2 5
FRBRAN )R A I g 5 B U SR R e AR Ok A
SR T 00 T DI JBE ) U315 £, 2R 2 5 S 56 15 1
TREZ 2 () ) e 2 5, AT Gk A Ak Oy 2 AR e e
P UK

S E Lk

[ 1] TUOMINEN M, STUART MJ, AUBRY M, et al. Injuries in
men’ s international ice hockey: A 7-year study of the

Adult  World
Championship Tournaments and Olympic Winter Games
[J]. BrJ Sports Med, 2015, 49(1) ; 30-36.

[2] MAZUREK CM, PEARSALL DJ, RENAUD PJ, et al.
Differences in inter-segment coordination between high-

International Ice Hockey Federation

and low-calibre ice hockey players during forward skating
[J]. Sports Biomech, 2020: 1-16.

[ 3] DONALDSON L, LI B, CUSIMANO MD. Economic burden
of time lost due to injury in NHL hockey players[ J]. Inj
Prev, 2014, 20(5) . 347-349.

[4] BERUBE ER, LOPEZ CD, TROFA DP, et a. A
Systematic review of the orthopedic literature involving
national hockey league players [ J]. Open Access J
Sports Med, 2020, 11 145-160.

[5] MOLLON B, WASSERTEIN D, MURPHY GM, et al. High
ankle sprains in professional ice hockey players: Prognosis
and correlation between magnetic resonance imaging
patterns of injury and return to play [ J]. Orthop J Sports
Med, 2019, doi. 10. 1177/2325967119871578.

[6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

FRITSCHY D. An unusual ankle injury in top skiers [ J].
Am J Sports Med, 1989, 17(2) . 282-285.

VAN DER KRUK E, REIUNE MM, DE LAAT B, et al.
Push-off forces in elite short-track speed skating [ J].
Sports Biomech, 2019, 18(5) : 527-538.

N, FEEEE R KIS S Y AR R ST R [ U], A E R
%, 2021, 41(8) ; 43-52.

NOORDHOF DA, FOSTER C, HOOZEMANS MJ, et al.
The association between changes in speed skating
technique and changes in skating velocity [ J]. Int J Sports
Physiol Perform, 2014, 9(1) ; 68-76.

STIDWILL TJ, TURCOTTE RA, DIXON P, et al. Force
transducer system for measurement of ice hockey skating
force [J]. Sports Eng, 2009, 12(2) : 63-68.

BUDARICK AR, SHELL JR, ROBBINS SMK, et al. Ice
hockey skating sprints; Run to glide mechanics of high
calibre male and female athletes [ J]. Sports Biomech,
2020, 19(5) . 601-617.

ERICA B, MARC CL, BERND S, et al. An on-ice
measurement approach to analyse the biomechanics of ice
hockey skating [J]. PLoS One, 2015, 10(5): e0127324.
PEREZ J, GUILHEM G, HAGER R, et al. Mechanical
determinants of forward skating sprint inferred from off- and
on-ice force-velocity evaluations in elite female ice hockey
players [J]. Eur J Sport Sci, 2021, 21(2) : 192-203.
KYUNGSOO K, JUN SK, TSERENCHIMED P, et al. New
method to evaluate three-dimensional push-off angle during
short-track speed skating using wearable inertial
measurement unit sensors [J]. P | Mech Eng H, 2019,
233(4) . 476-480.

LI S, ZHANG Y, GU Y, et al. Stress distribution of
metatarsals during forefoot strike versus rearfoot strike: A
finite element study [J]. Comput Biol Med, 2017, 91 38-46.
MBI, RIe 2, XITT. A7 FRICIATE SR IR 5 R AR W) ) 2
FEPRIN [ J]. P EAZUTRNISE, 2018, 22(24) : 3900-
3906.

WONG DW, NIU W, WANG Y, et al. Finite element
analysis of foot and ankle impact injury . Risk evaluation of
calcaneus and talus fracture [ J]. PLoS One, 2016, 11
(4) . el54435.

SKRE, SRAESC, Agn, S RES A ROT Rk O AE
YR I]. A%, 2007, 22(4) : 329-344.
ZHANG M, ZHANG DW, YU J, et al. Human foot three-
dimensional finite element of modeling and its
biomechanical applications [J]. J Med Biomech, 2007, 22
(4) . 329-344.

SIM FH, CHAO EY. Injury potential in modern ice hockey
[J]. Am J Sports Med, 1978, 6(6) : 378-384.

CHEUNG JT, ZHANG M. A 3-dimensional finite element



1144

EREMHNE $£37% F6H 20225124
Journal of Medical Biomechanics, Vol. 37 No. 6, Dec. 2022

[21]

[24]

[25]

model of the human foot and ankle for insole design [ J].
Arch Phys Med Rehab, 2005, 86(2) : 353-358.
LALIBEATE DJ, MINNESOTA HCA. Biomechanics of ice
hockey slap shots: Which stick is best? [ EB/OL]. https.//
thesportjournal. org/article/biomechanics-of-ice-hockey-slap-
shots-which-stick-is-best/.

g, F4kR, £, % BT VR ORI E s E
TR BRI [J]. IRE A T 2 B A 3R
2020, 46(4): 108-113.

AKRAMI M, QIAN Z, ZOU Z, et al. Subject-specific finite
element modelling of the human foot complex during
walking : material

Sensitivity analysis  of properties,

boundary and loading conditions [ J]. Biomech Model
Mechan, 2018, 17(2) : 559-576.
OEFNER C, HERRMANN S, KEBBACH M,

Reporting checklist for verification and validation of finite

et al.

element analysis in orthopedic and trauma biomechanics
[J]. Med Eng Phys, 2021, 92. 25-32.
S, A, WA, AR RSO RH R A TR 43 7 6 i

[26]

[27]

[28]

[29]

RIRES WA [J].
332.

ZHANG W, XUN FX, TAN W, et al. Plantar pressure
distributions during support phase under different Achilles
tensile loads [ J]. J Med Biomech, 2012, 27(3) : 329-332.
MOSENTHAL W, KIM M, HOLZSHU R, et al. Common
ice hockey injuries and treatment. A current concepts
review [ J]. Curr Sports Med Rep, 2017, 16(5) : 357-362.
ROBERT FL, RACHEL KS, ADA NS, et al
Epidemiology, identification, treatment and return to play

BE A4 J12F, 2012, 27(3): 329-

of musculoskeletal-based ice hockey injuries [J]. Br J
Sports Med, 2014, 48(1) : 4-10.

LEVITSKY MM, VOSSELLER JT, Popkin CA. Lace bite:
A review of tibialis anterior tendinopathy in ice hockey
players [J]. Transl Sports Med, 2020, 3(4) : 296-299.
PEARSALL DJ, PAQUETTE YM, BAIG Z, et al. Ice
hockey skate boot mechanics: Direct torque and contact
pressure measures [ J]. Procedia Eng, 2012, 34. 295-

300.

R e e e e e N e ) ) e I e e e e = ) )

(4% 1100 )

[12]

[15]

[16]

ZHAO Y, WONG SM, WONG HM, et al. Effects of
carbon and nitrogen plasma immersion ion implantation on
in vitro and in vivo biocompatibility of titanium alloy [ J].
ACS Appl Mater Interfaces, 2013, 5(4) . 1510-1516.
TEn, Hore, MIRZ, & MTHEEEREERE
AR RIS [ J]. e O R 4R, 2016, 51 (7).
401-404.

TORSTRICK FB, LIN ASP, POTTER D, et al. Porous
PEEK improves the bone-implant interface compared to
plasma-sprayed titanium coating on PEEK [ J]. Bioma-
terials, 2018, 185; 106-116.

KURTZ SM, DEVINE JN. PEEK biomaterials in trauma,
orthopedic, and spinal implants [ J]. Biomaterials, 2007,
28(32) : 4845-43869.

HAR, Mg, poh. BN a AN Lo R J]. s

[17]

[18]

[19]

[20]

O ERHaE, 2014, 7(3) ; 182-187.
P, AR, KRR, AF. BN AR R I AT
[J]. O i sME e, 2015, 13(2) @ 151-154.
BRdss, R, EHER, & E AL 3D STER T
ALY S0 [ ] AR TR S BRI, 2018,
14(1); 11-16.

LIN JX, ZHANG GJ, ZHEN Y,

biomechanical health degree of peri-implant bone through

et al. Evaluation of
finite element analysis: A first approach [J]. Int J Appl
Mech, 2019, 10(9) : 1850097-1850116.

MELLAL A, WISKOTT HWA, BOTSIS J, et al. Stimulating
effect of implant loading on surrounding bone. Comparison
of three numerical models and validation by in vivo data
[J]. Clin Oral Impl Res, 2004, 15 (2): 239-248.



