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The Role of Muscle-Tendon Interaction in Vertical Jumping

Hae Dong Lee*

Yonsei University

Vertical jumping is one of basic skills in many sports activities. Maximizing vertical jumping

performance requires large “power”, which implies that one should generate force against the ground in

a short period of time. In order to gain better understandings of how human musculo-skeletal system

mechanically functions to achieve maximal power in vertical jumping, the proposed “dynamic catch”

mechanism, one of “power amplification” mechanisms through the role of muscle-tendon interaction,

was specifically reviewed base on the morphological and mechanical characteristics of lower limb

muscle-tendon  complex.

By understanding basic

structural and functional features of human

muscle-tendon interaction, this review aims to provide basic scientific information for training and

rehabilitation and promote convergence researches in related areas, such as sports biomechanics,

mechanical engineering, and sports medicine.
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of0{(Abbreviation)

MTC: muscle-tendon complex, &7 &34
CE: contractile element, 584

SEE: series elastic element, 213 g a4
PEE: parallel elastic element, 3 @424

SSC: stretch-shortening cycle, A1A-T& F7]
EMA: effective mechanical advantage, ¥& 71418 SZ&

w3, d #4 (Jomt)«] = 01% ‘ror
ko] o] Foi7l % T 9. =8 250] ddate
549 8 (active force)Z &FolA] <lAdl| 243}
=5 F1d:2016. 09. 05.

=5 39 :2016. 09. 20.

AA 44 :2016. 09. 20.

* A2 A”A - o]afE (xbridge 1997 @yonsei.ac.kr).

% (external forces)® 583 8407 % st &
?:1 AT Ao fek ofe 74A] Q91 7k 253
oz P49 71ed 999 221 B3 (MTC) el
/‘1 2 A9 {71421 *c}i Aes B3 oA BE
(energy conservation), %] S{power amplification),
79 3 (power attenuation)®t 22 k3t 7|%
(Roberts & Azizi, 2011)< B $2] A9 ~njE
o ARl A ¥= F sl

oo dr

53] 22 Fste] d3A #AY e AT Wt 2
7 Be 22 8504 97HE 7| 7)5olgn &
& 9E FZ(jump) THAAE £HHor ZEH
& 8] Wi 7IAgAS e wdshe =4
29 983} tEo] BS /A AER 29 19
Ago] F83lttn ¥ A oA (Alexander, 2002)
- B53A Y 39 FZF vAY S dFAEY] B
wWilo] FH51 it

= BEA WellA 253 A9 dsAes B9 s JJr‘q
TE AYS tig i34 dFEE, 250 5=
tl’do 2 g A+ (Bennet- Clark, 1975; Alexander
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& Bennet-Clark, 1977: Roberts & Marsh,
2003: Astley & Roberts, 2012) %ut o}jz} Q14
£ der & Al el A7 (Bobbert, 2001), 1
g2 AA(in vivo) A8 A+ (Kurokawa et al.,
2001; Farris et al., 2016) 52 Zo] thFstA 42
ﬂ—‘— ME]'

o EA 9 thekdt s atgd] te
AFAEY WA AFAEANA= L5
2olB R o] A A|F7HA] Hhd ¥ o]
2 Aol 4l Ag gdomo] A
HAAA Al e A& guzt 9l
FolA e FAHZ £ A, 253
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M= (Vertlcal Jump) =
Al A 2 o7 A=
X

1
EET A, FYFL),
5

T30 30 b s
Sborr L2 N gy
H%

e

NEA R FANE Y2 YeM e SR 2
S HdE e AAAY 75T gEA AA &
g E8402 FAYd e FS s 282 ¢
o} o]g3t FHAE F2E FAstuA & ul jgdF
(countermovement) 7%, 5% (propulsion) T3t
H]3d (flight) 77t #A](landing) 77K Table 1)2.&

e} 243k Aol Qudoln], Ao $HHL 44

Table 1. Phases of vertical jump for biomechanical analysis

Phase From To
Countermovement ~ First movement ~ Max. knee flexion
Propulsion Max. knee flexion Take-off
Flight Take-off Landing
Landing Landing End of the movement
HaE 7 sk v wWko 2 o] A<l
dojue e, Yuud, FEHd, B8R =
A (flexion) Ho] F7 #7hellA Bt} 2 &5 WY E &
B3/ Hi o]E Fall Bop EEA0RE FEE A5
T e S g dr T Eo] o] PRt o
QR 75 W 38 3o 24 33 7l
Ed5o] @4 4Z=(shortening &2 concentric

contraction) S FIeH HEe AAZES AA2EA
AP A1 A (pre-stretch) Al7)Al Hof @A == 24

o AAA o] AP AA-th= 27](38C) &7
£ froH Hau FH 77 2848 o AIA 2
g 44 9ok (Komi & Bosco, 1978: Bosco et

al., 1982: Svantesson et al., 1994).

FARZ F #HHate], s F(S,
countermovement jump vs. squat jump)7} F2H
I 3 Ao wA = Gl HHAM = FeEo] X
g FAHZIE F 10% A= e Ao deiA Sl
t}(Bobbert et al., 1996: Earp et al., 2010; Earp
et al., 2011). I o|f=2€ HEd+%50] gl A% 4
TR 259 Aol s = o] FHugkdl 1
XA B34 Bobbert et al.,1996: Zajac 1993),
B4 duA] o] go] FAoz 7] wE(Komi &
Bosco, 1978)°l2ta A ¥ 9t

FAME 3 Al 2-74 B3 Jol|A e oy A
&89 #edled, Alexander(1995)9] Ao E
Fel e A5 B odyR|e] SAg &80z <l
3 FAHE 9 A9E P} ARl Hud v,
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Bobbert et al.(1996)¢} Anderson & Pandy(1993),
18] 3 Farris et al.(2016)9] A7l F +39

Azl A AE @ g ao] T iAo Apo|7t
TAREZ 8 Ao nA = T vnjsitt= A
£ Holx gt} opAwt thaheEe] ot WilE 2
T 739 HZ 5N 2E5AA EdE F e )
AT o 2 g$7F e evt= A (Roberts & Azizi,
2011: Roberts & Marsh, 2003)< 1&g o 2-A
oA o] 283 A9 Ao 8 9 B ouAE &
£ AYSE B d7AEY ASHR BAAR
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(Ward et al., 2002), "% (distal)
o A7l FopAla Hit 71 Az 7
JUA] &8 Feldt §4& Hola . F84l
At (patellar tendon) 9} &5 LupeZs
F22)3] % (achilles tendon)?F 2&
53l AAHo AKFig. 1).
T Al FRAF7E] vpA| e 9] F
e Aoz 4zl HEdA o] wp

, 938 3= P9 SEAUE ek o}
2t 7} 2 (soleus) 2 A Z(gastrocnemius) <]
T (fascicle) o] A2 3 Fele] F&(aponeurosis)
3¢ de 2 25 o A2 g2 dtk(Hodgson
al., 2006: Lee, et al., 2006){Fig. 2).
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Fig. 1. Knee extensor (top) and ankle plantarflexor(bottom)
(Misde Premium, Version 3.1.3, VisibleBody, Argosy Publishing Inc.)

Anterior aponeurosis Posterior aponeurosis
(origin) and median septum

(insertion)
Tikia Fibula J

@7/

Both aponeuroses

Proximal

} Achilles tendon {

Fig. 2. Tendinous structure in the ankle plantar flexor
muscle-tendon complex in human (Hodgson, et al., 2006)

Distal

AlAQl SHoM B gid oz A 24 25§ of
A JE 9 (fascia) I 512 (epimysium),
L fohrs A e e (perimysium), T4
+E5 A e 245 endomysium)©] ATk BlA|
2 2o 2 waAE (cross-bridge) el B8
2 (Huxley & Simmons, 1971), & F&2& w3 gl
£ HE (titin) @ AE9] 714 (extracellular matrix,
ECM)ol 23¥ ehld 2 (Roberts, 2016)S £3F
Al g it

AR A8 oA AMEE = T EF 28 Fde &
3] g d &S B0 7 sl g4t Hill-type
(Hill, 1938)% 259] wA A
HAYSE o] 24 9 72
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d (Huxly, 1957: Huxley & Simmons, 1971)& &
Aed, o] RdEdE 554 Ylactive force)*O‘
= $%284(CE)9 9 228 Jgz2 &

9l g (passive force) S LA & e Z‘le—é/ﬂéa—é
824 (SEESH PEE)7} 3o Slth. Hill-type
9 AL ?j_m};d o7 j‘%oﬂ
A8 E3 22 A 248 AE ¢

°om, Cross-bridge 229 A$ w43 A=
ulo] @Al A E (myosin filament) Wol (Huxley &
Simmons, 1971) EAlgtta 23 itk gE] & &
% w20l A Jepd E (actin ﬁlament)g} a}
o] @41 Pepil E(Wakayabashi, 1994), 2181

B g 9 A 39 24E pd tuld 129 E]ﬂ
(titin) (Linke, 2000) AHAlol = & E4do] EA13t}

11

o o )y o

o e ox o rBL’

N

A x5

2 d7e 249 A 283 Y2 Adde] 24
B BN 25349 33AEE ol 71 5H0R F
28 48 5933 Urke FolA] F52 93 gk
A 9ol 8™ 1 Ael7k Sofuka 1 Yol Alet
A Qe Aol Bdak HFAA By 5L 7}
A3 StkFig. 3. A2 2end A0S A1ed A

Az BN QAel B §YS Al FHY 55 A 2

o 2 EAQ A9 A= ofgfet 2t

Maganaris & Paul(2002)2] dtellA Z% 3 <l
A a2 AZE e @A A5, 4 87.5+8.5
Nel o] 1.7 + 1 mm(0.8 £ 0.3%), 875 + 85 N
gofl 11.1 + 3.1 mm(4.9 £ 1%) <] ¥ E(strain)=
Bt} Young® A4 (Young's modulus)$ o=
F(hysteresis) & 1.16 £ 0.15 GPaZ} 18 + 3%E K
otz H3E 3 gt}

Hansen et al.(2007)<] A4 S4 3 &<
(patella tendon)d 2%, 6.9 + 0.6%% HIES
H9om 4334 + 562 N/mme 74 (stiffness)Zt
1.09 £ 0.12 GPa9 Young? A4S #&3ATH

Magnusson et al.(2001)¢] dAFoA A £ dg
213 % (Achilles tendon)®] %, 4.4~5.6%<] Wd
£7} 1.048~1.474 GPa®] Youngd] A5& #&3lsict.
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Fig. 3. Tendon stress-strain curve(Wang, 2006)

2 gaage 42
B A4S /T 253 AEE 29 d 24 e
o5o| Hdate P g oJaf AAE, o] 3o
ARRAE A Al A 220 A dE ' A E
Zofo] 2o B840 Eéste AR A ot
(Alxander, 2002). &1} o] ¢} & 3 4

T3 ABAA ofd HAYF ©
ol B2 &S P Al7I=A Eﬂsﬂ =
Zol A= Tt
soht AE TYe Hole 23 AT E s
g A+ (Bennet-Clark, 1975 Alexander &
Bennet-Clark, 1977; Roberts & Marsh, 2003:
Astley & Roberts, 2012)9} t]&0] 917te] M= 3]
g tigt ¥ A+ (Bohm et al., 2006 Farris et
al., 2016; Finni et al., 2000; Fukashiro et al.,
1993; Gollhofer et al., 1992; Hof et al., 2002;
Kiehn & Eken, 1997; Kurokawa et al., 2001;
Spagele et al., 1999)¢} A& o] A+(Bohm et
al., 2006; Finni et al., 2000; Kurokawa et al.,
2001: Spagele et al., 1999)7} &= sk}
53] 28 g ano] Lo ofgt 9l9] FE5 AHsh|
AalA (1) =l o F3l(gravitational loading)
(Farris et al., 2016; Bobbert et al., 1996; Anderson
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& Pandy, 1993),(2) #4938(joint kinetics)
(Bobbert & van Ingen Schenau, 1988: Astley &
Roberts, 2014),(3) +& 71448 SZE (effective
mechanical advantage, EMA) (Roberts & Marsh,
2003: Astley & Roberts, 2014), 28]1(4) o4&+
259 719 (biarticular muscle contribution) (Farris
et al., 2016) 9 2& vAUFS ] AAH Ut
A Aotd MAUFES] FHdE "F47] vAUS
(catapult mechanism) (Roberts & Azizi, 2011)°]
A Holgta & F e}, F AME TS HFFE
Me AZ 2 A4, & s A 75 2
7F Edste ol ofsiA AAe] 2E g
3, JE FAe FH PN AE AE e
7b sold aF-=o] Ay Zol2 BdH = dd(
54, recoil) Z 2ol WE SEZ FolA]
gho] 25 d& wof vwate] W} 2 B¢
P& 4 ka1 deE Ast
gl oJeA 25L& F o = S22

125
g

-4 Ao H]Fo] ¢ 23S Aaksla, ek o
22 7IATH 4& 3T 4 itk (Bobbert, 2001
Roberts & Azizi, 2011).

=8 Fslet SEE o1&

Hee 7ol fel dugle] #AHZS 9
S, 20 ) A 3t YRR, FEEd, 2
AL FAY S B A 2FAE A E M
i g 7ol sle AFE HIE BEd
Farris et al.(2016)9] A+ A3 w2d 330 3¢
27 2 E Aol G w29l H o] SEE®]
B Eedo] Yehhes A7 TRt Zhabnl 2

SEEE 1.0 mm, A2 SEE€ ¢ 5.8 mm2] 4173
o] FF| Yo, ole AA BgEHo] 7iAnZ SEE
£ 39.3 mm, FHA 2 SEEE 12.3 mm= #2H 3
of B3], 3 73 AR A- A 7Av 2 SEE=
97%, FHAZE SEEE 53% AHA A7 5] e
U Ak B3, ol 8 (AF) o] SEEY] 417 7]
ofste #8g allojgte F4S S St oE
of AMA A A Z(triceps surae)d A=} T
#Hd RUEE JEpto A 2ed HA|d 50% ol

7 o2 gt 1] 1S, countermovement
jump vs. squat jump)oﬂ w2 2 Yo 3 A
AA s Fitol e AZt 3 ARyt 5ot
A7 Anderson & Pandy, 1993: Bobbert et al.,
1996), AlEE ol A A%, SEES 4174 4 e &
A 7 AEH R 3 AF Aold E 7|AE
ofA] Zatm, 8 A Aol FHE 2248 9
o8 2y oglo] 7|dttn & 4= UtH(Bobbert et
al., 1996). sHAIRF F&d <3 SEES] 4174 3 &4
599 7]oe F HE Py BT A, ot
ate% 77te] e HZME thdE F1telA 9
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Pandy, 1993).

T4 AZE FAst= oA ek #dd 24
of ¥ #EE & v} Zo FAUS TTAIA
HAsle AL AN, dubdoz v 2 55
shue BAHE Hu Judd, FEFE, dERER
dgleto] BA8k= Zlo] Unbolt) o] A3} #H o]
ol sfHoR T3 T3 d-3-(coordination)

4 s st 5 3

T4 @E —’Fs o] Autof ok mA= A 89lo=
914 (Bobbert & van Ingen Schenau,
1988; Farris et al, 2016)9 FE(Astley &
Roberts, 2014) 975 FalA 24 HZ 8o 9lo]
A WZ(distal) A FA9do] F P SRR
AQLTFE F8 277t FFES 9 F gtk o]
HAY S| 2|3 SEEQ] 217 2 e =29 =,
(proximal) ¥4 (JRW AL FE34d)o] HE &
=2 9ol Mt Aoz 2
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)& AsA Ha (2 A1), AZH R o] B
A 289 FHT Zrte) ) Ao 2w =)
£, o|Z 9ld] SEES] 23S friato]
] A ®a, 32 77k ) e

s A7E /A oA 9
EE A%-ed 89 vAYS

it

>0

v

7& JIAx EFE8(EMA)2t SEE M

& 7144 SEE(effective  mechanical
advantage, EMA)& 714148 4 & &F& AMH-St
of A& F e oY 3 o] 24 3o L HeE 4
o] & 4 UtKEq. 1). 49& dZ2= A9 4=,
AP 2 BHE ¢ do|2 23S A& F e A

% hui

N ERERE LR ERE

_ FOutp’ut _ L[nput momentarm

B Equation 1.
Flnput LOutputmoment arm 4

o
o 4 & 4 9l 3 By 23EE @480 52 4
T(Roberts & Marsh, 2003: Pelplowski &
Marsh, 1997)¢k QA A7 (Farris et al., 2016) ¢l
A A&H o7 AFEo] grh. 23 HE 999 dA
og2e 524 4 F -7 53 o] SEE7F &4
U & Agate], 257 22 S 93k w2 &
o, wEA B 7] dielzty AWy Aot
(Marsh, 1994, 1999). |9} 22 SEE9] 414z} &
AEQ ks Aysle O ] WAYZFeR
Roberts & Marsh(2003)¢] #1<tet 7bd EMS H#
UFol st Aol Hx 5EHZ Hole 239 A%
EX7] WAYZE (catapult mechanism)< ©]-&3}7]
3l vlAIG JUAZ A& 255 HEHE FA s e
A AYS (catch mechanism, AHIARA,
2014) & AHg3ted SEEE AAAA 239 SEA7
v Aoz 4HA UHBennet-Clark & Lucey,
1967: Bennet-Clark, 1975). A% SE(+2])
o] 7% As vAUFo| gl7] WiZel & 714 5
Z59 2HZ BAllA At A9 4E AT (EH

A% #WAYE(dynamic catch mechanism): Roberts
& Marsh, 2003; Astley & Roberts, 2014). =, &
A 73 271 EMAS] 57 & a7} vpA] 2394 &
24 As vAYSS Fe 2 e Aol F4 =
QAT o] HAYZL AA M E ZHEeA] Y Aoz
FAEAH Farris et al., 2016). Farris et al. (2016)
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FA 9 Fag, 59 257 EYHoR Y 44
e ado] A 9 B ELE 53 99 T v AY
T 28 £ SRR A3 AFHA 3 Id 58S
TENE 783 9482 Fdve e B0 ¢
T AA

2 AP &g = Fo 7|24 vAYS
of tigt osl= B2 A dial] 2ol Sle oldlE =R
& & oty ddEn | o] & ez &5 3 Fu
o5 A A7 Egolde &% 4, &% 7%
E4E Y AL a9 HE, st 2x = FEolA
27HE EAE HE g9 24 5o 28 2 5 IS
Aoz #ctH

HEo] 55 2 AAE tFeR 3 A= 79 Fl9
Hr} Zlo] Sl 34 2 BAS AsliAE 9w A,
THE 7 Ay, AnkE 24 gu]) o594 Ay
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