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Tribological Characteristics and Biomimetic Applications of

Living Structures and Tissues — A Review

Chih-Kuo Fang*

Professor, Department of Mechanical and Electro-mechanical Engineering, National llan University

ABSTRACT

Wonders are everywhere in biological structures and tissues. In particular, the elegant
structures and powerful functions of living organisms often provide scientist and engineer
inspirations in designing artificial devices. This article is focused on the investigation of
tribological issues of living organisms and their applications to engineering design. Tribology is
a science related to friction, wear, and lubrication. In addition to the motion of living bodies,
tribology also plays an important role in engineering applications. As long as there is a motion
or potential motion in the device of interest, there are tribological issues. The applications of
tribology cover the equipments for manufacturing, transportation, power generation, daily life,
and even computer information systems. In this article biological tribology is studied, including
the tribological mechanisms of biological attachment and biological swimming systems with
reduced friction. In particular, the damping effects of boundary layer on the skin of aquatic
vertebrates are investigated in addition to the drag reducing effects of their skin microstructures.
Finally, applications of the above-mentioned biological tribology principles in engineering

design are discussed as well.
Keywords: Tribology, Friction, Living organisms, Attachment, Drag
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"B (tribology) it A B F "E 3 TpiPo (§: 3 Tribos = “Irub” > 353 & 3% 5 B $x)
Z2FF i vt F-logy e - m R B @R MER A > RS kp B
WA B EGZAHME YR TEcZF ~RETM) V-6 k3 2L F R U2

gl A5 2 48 o B SO PRE s BRag a0 2 fE 4 (drag) o

MEEERY L2 WM T2 5 BB E | (biotribology) - Radhakrishnan
(Radhakrishnan, 1998)zn 5 M2 & x| 2o St iv A3t — 3 5 a0 #- % SL R 304 2 Bgeg ]
LMY - @R Y - IS 2 BERE KT o Bk V2 BT R R iFAeiE o~ R

2 ff ¥r(maneuvering) 5 @ -] v 2. BE(4ohE & )R] £ & i 2% (Scherge and Gorb, 2001) -

"3 A2 BB (engineering tribology) P 1 BB F 2 RIT 0 5d 2 BHR
PR AR HEET R f ook B M 2 B R 4L 0 A AT o
%%;Qlﬁ@ﬁﬁﬁgﬂﬂﬁiﬁﬁ’lﬁﬁﬂﬁﬁ@é%%u%ﬁéﬁﬂ%i”°
P2 od AT AR 2 BBk SLE 5 M(elegant) ~ % ac »x(energy efficient) ~ 2 @t A (durable)
2. #1 (Nevilleetal.,, 2007) » F]pt » 2 3 BB 8 § 7 % 51 F2FF fd i 1V K22 $0LE »

LR
~ 4 $ 3 (Biological Attachment)

¥ % 8.4 moving contact z R ek o E K fTA b o 199 AR T A I R
(two-term model of friction)2_ #£ 4 > B#x & 7 %k % (adhsion) % 2)(deformation) % 4 > ¥

= 'g 7 2 3 # M (non-interacting) c AALF 2 o 0 5 3 Fom BBRIT o d WH R I AL F R

z_v 3l (attraction) 2 £ & (repulsion)# ehits* m A 4 &5 4 o 3 % 5 pEP(Z2) A H T riedp
(equilibrium separation) Z, p= » 514 & 5 4 s % Z<ZoPE A m AR % Z>ZoPF o
Bom AR o d Fipdt 4 miTH > @3 Ao o2 F % ff 2 (real contact spots)A; = f 2k

(junctions) » F]m & & £ & A 4 % & (bonds) o @ B0, 2 2 LA (rupture) £ fie B2 Ak
FINA o ipfEA S BBl & $7] 24 Bowden and Tabor (1964) #73% 1 o

APHMIFIRRPAFREZ NG o b A A K RFFREHET A
(Sebum)=2_j# 7 {4 w4~ (Fatty excretion) i® Z B 2 ok 7 jf P48 4 & P2 ZEF IR % 5

% ;e (Pulmonary alveoli)% & % & - % # & & 2] (Surfactants) » 14 & & %% 38 4 5k e
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(Branch-form tissue) . = 2. 5 % ek B e AR Y 2 MBPIR G o V- 3G 0 K f
RPN LR ARF R R 2 & F(firm) & v £ (releasable) sndk i k ki(attachment
systems) o H Ak % & (sticky devices) 7 & * kfEFH 2 it LA A A G o o @ H i F
{7 ¥+ (locomotion)=1p 7 (Scherge and Gorb, 2001) o &4 £ ¥ ~ bk ~ B2 (geckos) & & &
PR EZ B R TR I AT I T g E R oo a4 kT
7 px2 &b 4% 4 (attachment mechanisms)-@] % f* 2. % & % i (patterned surface structures)
SR ERRZ AR (T o Bl 1 5 fd 2 %R 2 H bk 2 (terminal elements) » (b) B &8 T =4
AL G LR GE o Fr 2 MR G A AR £ R R F ik
R (inverse scaling effect) » o & & 2 54+ # Zp*t S HE 4 bo o Bl4o$2T T is 2 7 g (beetles)
Ao Aok (um)a t Rz R AT R4 BEL PR Ao Ak (sub-pum) B 2 i B4R
F xS o3 3%ff 4 & (contact mechanics) i 3w & it f2§E p fh - HARE o RypEg 4§
g BE 4 A (spilt) & w2 =t ff Bh(sub-contacts) ¥ 3 < ALE2c %k o B RIZ AP AR R ALF K
Mg L XV @RI FE R K o (Arztetal, 2003) -

body mass =——p

7 ] Spiders

_ Geckos

[D Insects
?

splder gecko

(@) (b)

B 1 & urk@z 2=k ~(b)-
(B % &k ():
http://laurainscience.wordpress.com/2011/06/03/look-out-below-how-geckos-stick-without-bei
ng-sticky/, Date: 2011-12-24 ; (b): Arzt et al., 2003)
=~ R A2 4 $se % 3 (Biological Swimming Systems with Reduced

Friction)

AR Aok ? BEEE2Z RV E AT Y B BE R o FLE R M 0 s A I E
F=(marine mammals) -k ¢ 5&pEf £ 5 H 2 g $ 124 (hydrodynamic drag) - # 4p B &2

TS AREF RN R B~ A Bk F 2 dpda ~ Bad o
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ands A R (streaming medium) et iRl gB2 (Fr 4 5 2 S0 D H - DO A A G
A4 ELE w2 B4 L4 (inertial forces)2e kiR 3 B = Z i St H A E G A
w2 Bged g4 (Fung, 1998) c 2 58H £ 4 2 FlF & P a S e Ak ~ ap i AR ©
A& (relative dimensions to the flow) ~ % /if8z F (D R o~ ZbFHu~ 2 2 R V) o [E4 R
BB LA L Er A g od R4 ik 2 fe 4 AL R4 e 4 (pressure drag)
2 A5k e 4 (form drag) > F1H ﬁiﬂﬁqjﬂ%‘%%“ cm B dad BT A @E A A HL 4
o #re 4 (skin friction drag) st A= 4 (friction drag) > s d B “rid & o

£ 4 A5 % 3]0 % 8c(Reynolds number) % 4 124 pvP1° 22 4k 4 vl 200 > T Re =
Viplp > B ¥ ik & (characteristic linear dimension) | ¢t p= 5 48 & (body length) - & = 4p iz
Ak PR F BRI o PIE R BN RRE G S SN AR 0o FATARF I ”f 7 E=(solid
wall)3 — & % & (boundary layer) » &8 % & ¢t 2 iR 48 ¥ 4R 5 224E 2 (non-viscous) o &/
FHEFMA L 2 B o PR Aig- £ 847 c AR ITHAERLEARE
TR P FLENLMAG 2D e o SRR S o BEEA G R ERHA SR T I
d g & (free flowspeed) o — #ide X p o Jim B2 P4 o BRI Imm2 @Rk 5 &
=& B (friction-active) 2. % 38 o SE ¥ § #6¥c2 3 4 » ¥ & & B & 7~ 3 4c (Scherge and Gorb,
2001) o i 7 & pr k8 2 & G (laminar) &€ g v (turbulent) = s G ds o e o A RS 2 3F
BRI T ENFRAG S AP o RN EFTS e o LBWRN T FEMF(Re >
3.2x10°) - o K on ik % 5 gt i (Nachtigall, 1977; Scherge and Gorb, 2001) - ¥ wmfe 2 -
(unicellular organisms » 4/ 4 # 47) % 5752 4~ (plankton) 14 i< 3§ 85 > w4 B 22
B2 T st (Re ~ 10%) > e £ 4 2 FIRGHT B A A 2 g o (turbulence)as 1 3 #i
~ 7 ##c(Reynolds number) 4 # # -

A E D e 2 FB 1 4 3 3+ (adhesive secretion)(4r4E % (mucus)) ~ A 4 & A (compliant
skins) ~ @ & (scales) ~ **(riblets) ~ 2 fef 4 & F30¢ PR HAE ~ B A ~ 2 #5 4
h2 ARG R VS A AP A B *’i]ki«wié\/é—#ﬂ AR Az
Ros 2 d LB R L R R e T

1. AL 0 5

B EB e FE D - A w R RN 2 BB 60% o 44 i A2 R A

.,,

¥ Hoip >vok o Bfigpt n(micro-turbulence) #i s 2o 3 o iRt 4

&6 47 (skin secretions) » i€
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T b 2RI K 0 @ MRt R i & 4 (Nachtigall, 1977) o o #t gt fi 4 fL A s de 2 (£ %
g BEPFREN EDES 2@ R o - fEfFE AALR (Mucus) 2 K 4B 4 F T RE MRS 4
B TG P BETE R o

2. A E A 2R

FLE RS #E W e doi 4 9% (dolphin) 2 i 47 (streamlined) § ) 24 g | A pE ok
TR AR A 2 A RASRIE S 2 ] B BRI 4 o A B L A Sen B R 0RE G ) pE
W - Send ik~ Pk (soft flaky) A B AtE M fed s RHMEE LR REA T

2 &4 orp 0 L2 G grdd(softness) 2 R 1 (waviness) T FE B g 2 12 vk
PE R E R B & A2 MY (disturbing) & A ftiT 2 if i (vortices) — fico) 2
i (Whirlpools) — @ [ [ 4 o it R in & 5 & % 1475 R 2 i o

BR R R RS g 2 ) 2 27 (oscillations) I % o F k Auit B F Rk
A2l B2 mdrdt ZRTB R RIFTIHFAEFRZ A2 o gapt > VRPN ARS LT
FEHENE A > AT RIS T RS IR E L AL%ﬁ'ri:s:;-f#? A4
F:8 A & 12 25 % (boundary-layer damping) » /%97 & £ T E 5 pfEHEIR 2 K30 H & 6
TeskFrifgmo Bt s  ARIPFTLFIHMETIRZ N R2AY
(ripple) 5 @ A ficze & & R ¥ a0 3 B4 0 B 4 % fr(pressure pulse) 4 i 223 it 0 Flm FE IR
4 oo el 2 om0 ARA R b 3nd B E K (covering layer) ~ p & (inner layer) —E A 'R
(corium papillae) ~ £ A & (corium grooves) ~ 2 & £ & (underlying corium layer) #rf= - &

A FUER B B v % FE R 4% 48 (Scherge and Gorb, 2001) -

Covering layer (0.5 mm)
Soft rubber coverage (1.5 mm)
Damping fluid
z/ |’ (0.5 mm)
i I
Corium grooves Inner layer (0.5 mm)
Underlying corium layer Hard underlying layer of the body
( ) (b)
Bl 2. 3 52 FAES ]a (@)% 9% 4 & 2 # (£ 3% p (Nachtigall, 1977)) ; (b)#7 4
R & A2 A R AR (£% p (Scherge and Gorb, 2001) ) -

~

BORECA R SRAT B A A RHERTRR O REH A D RF L ki T Rk
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114 60% - H ¥ o 2 fR2E H% 9% & AL oh 302 RSB 4 4 (viscoelastic properties) ¥ FE A H A8
R EARRE T R R E A 4 2 B & i (short-wave turbulence) o gt w2 B 4

T oo 2R LIt kA 4 A% (deforms) > d 2R HE & (rubber-like layer) A T 3 FE R
o ERAREAGTHEL RIS EIER 20Tk o mPBHT R SRR AIEL
Hpen(t R k5 &~ 1040 ) (Scherge and Gorb, 2001) - % # 1957 & > Kramer
(Kramer ,1957) % ¢ & 4178 9% £ F 2 2 24 4 $H 4045 & (compliant biomaterial coating)#
FOMUTREIE S 2 g 0 W PR AR AL ZARREEIT R L o TR
w % (Kramer, 1960; 1961; 1962) -

dARAMAATERE LR 2 AR EA LMW FTRFTER2 R PE
BUURECIEA e FEed g o - BRI RYPERELERRAEE FILL L
ARAREFEZ A RZFHL Y 2t Hies BT YT F o2k o

3 %A ABHLHE

- R A EFILY > T 5 iE 4 G ofe i (roughening) 2 g /| e 4 (Dinkelacker, 1988; Choi
et al., 1993; Goldstein et al., 1995; Koeltzsch et al., 2002; Bechert et al., 2002) - % 4 & ¥ &P
B enb|F o gt fmptn ? 2 Rk kL F A A sk (shark-skin effect) (Vogel, 1996;

I

Nachtigall, 1998) -

Fahrenbach and Knutson (Fahrenbach and Knutson, 1975) @& * # g ;¢ 7 & & icéi
(scanning electron microscope, SEM) B %47 7 — & & % 42 ¥ {2 # $~ (vertebrates) % A
(epidermal surface) ™ 2 ‘¥ & (cell layers) » 4 %] £ & i | B2 2k « B 744 4
d1s 30k 4 4 e $ $» (aquatic vertebrates) » sz 4° (microridges) £2 s ik £ & i 7 (microvillous,
micro-outgrowths) 2 ] % (pattern) & 7 2 F it % o § HIRM >4 5 ¢ U3 § FEE &
HE R R 2 Bpv Fidoo auptfA a4 (sculpturing) Bl&xa T R ad 5829 - b o
RhA ALk TR FAAIT RN d A FF3F 50 VA S 24R2 g
A h B x LA % (dermal teeth) » H 5 % > % % 7 F(dentine) % 7 % Px(dental
enamel) o ¥ A fudkd & 7 i g A Aok FAERR RS o U RE DA 2 R o

Bl 3&pm %A L% 5 %A B2 4 Bi(grooved scales) - + /] £ 200 um % 500
um 2 @ o B LG A (riblets) B E T iF w0 e GE g D gahT (7 TS iE
(channeling)-k /i B 1 3 & @ 1K 4 o SREFT R REECR) 2 B 5 w4 2 BOR)(R
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<t 3T 0 R4 L) s pe (Flow resistance) ® sk AR ¢ A F sk 1.5x10° pF 0 B0 40
Az SRt TR BB K 5%~100% > A w2 vz e Ak r ¢ B2 50 H 2 % (Scherge and

Gorb, 2001) -

Bl 3. X AABET A RS
(B % & & : http://www.sharkskincoating.com/newse.asp?newsid=239, Date: 2007-10-9 ;
http://sbio.uct.ac.za/Webemu/gallery/descriptions.php, Date: 2011-12-1 ;
http://www.sciencephoto.com/media/375391/enlarge, Date: 2011-12-1)

Nachtigall (Nachtigall, 1998)4" %t . 4. & »<Jis(shark skin effect) i 1 {8 i 7t & ¢ %
7% Mgt v (longitudinal micro-turbulence) - & F % @ M gt U (cross-directed
micro-turbulence occurs) » @ ¢ & @ F 2 % & (longitudinal grooves)® 7 ik #  pcpt v
2 A5 > R g AR AR S o4 TR A EEJE -] ST w4k & (lateral wavelength)z. & = 5 sk o iE

R T OF KGR R Tk (microscopic vortices) ) 5 F A & R i - IEHERE
(Hu et al., 2007) %7 : § fc®* i3 & streamwise 2 & = jff /i (reverse-vortices) /= » ¢ ¢ p% &
4 - k72 = Zk i (second-vortex): Fl@ it 33 K w2 5 R A e 10 (low-flow

strips)2. # = & K > @ i PRE MFLINIE S 2 sk o

gk > 247 (riblet edges)« ZF g dn > A w4 B B & # + i (cross-directed flows)z A
= o g oAl B2 %% (riblet directions) = & — & & pFo T B R SR 51 T 04 db(riblet axis)
oo L FAN M S o AT P T e fE L i w5 4 (Scherge and Gorb, 2001) - ",% RIS &
Poob o PRGN P YT EAE o R AE o bldef B3l 2 ji#E 7 (micro-scale)
EF sk o PR HFLAG > HEPHBEF G L 2 4 7 (skin outgrowths) & {1
(acantae) > + -] ) 5 10~100 pm - igdt ficig 22 5 @ i 2 > % (Bocharova-Messner and
Dmitriev, 1984) -

BIAERY 2o BT AR ..%fﬁ v F R RSy B 7 % % (National Aeronautics
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and Space Administration, NASA)& & i #* 4 30 4 w5 €3 2 %24 (longitudinal riblets) 5

Migin 2 BE BRI Aa2fed oF 4@ -0)AWLEERALZ G ALAE

(synthetic ship skin) # & 2. %4k S o g  JE 7™ 8§ * A F R bedy %(America’s Cup)#

Ff2 T % 2% | (Stars and Stripes)t - f£ (% 1987 % 1988 & 5 & - @ d * ik 6 B

i?i%%’&ﬂ§1W%6%¥ﬁﬁﬂuﬁ2io%ﬁ$%ﬂ’Kﬁﬂ%ﬁﬁé%%
I A B2 g% r0 '8 M 7124 (Scherge and Gorb, 2001) -

BARE AL BHERTHIT G SR B R AR A T ARESA
2_ A et 2 D 4 (Microscopic grooves) pE»t 6 8 gv 4 £ e i fE 4 o Putten & 4 (Putten et
al, 2009) HEAFE> FERNEF LG RUFL AL 2 REH 2 HF ks
(Bremen) Fraunhofer #= 7 Fx @l i3 1 4% &2 & * # AL # % #7 (Fraunhofer Institute for
Manufacturing Engineering and Applied Materials Research, IFAM) I B 2 1§45 ~ 4548 ~ b
TGRS E *)2 8 A LR He 0 430 3 9 5 30 B HiCHe (stencil) > @ % & &
G AR BE SN R SRR A (T 5 2 4 A % HE(sharkskin structure) o
v P oARTE PRI (S RAR) o BB e R OF ok d 4 UV s @i #(-55
~70C)~ 2 KX FE M PRI PEETRE - AR AABHETRY a3
i# $hgE ph-k (journal bearing) © v s RLITACE R o Bt 0t B A% § Bk
T ot A 4 2 e 4 (Wierzcholski and Miszczak, 2010) -

(@) (b)

Bl 4.()% 482 (07 % 4L dskt @

(B % % & : (a) http://www.livescience.com/technology/050715_shark_skin.html, 8/24/2009, (b)
Ralph Liedert, University of Applied Sciences)
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Bl 5 B kgl fes pr Hmg rRl 72 & 4 & % 45 (sharkskin
structure) » ¥ i T~ Apda R TRCEHRE B)A G RS o

(B % % & : http://blogs.discovery.com/news_tech nfpc/nanotech/page/3/, Date: 12/3/2011)

z ~ 4 B & (Joints)

5 M5 2 KA H0(0.005 - 0.03) 2 dpf £ s b v g b i e R
FOMBEREFEERHGRX R 6 SEAMAMSZRT RO EE S M
(vertebrate joints) » & & B & 57 f g7 4 #o] o wd iTAE S ErE J13F £ o (Wootton and
Newman, 1979; Gronenberg, 1996a, b) - % & B & H T » BT s £ 5 3 & 5§ (pore
canals) » — 3R 5 A REERFH IR o2 o MEN LG Biegks o H PG

¥ A B & & 4F 2 18 #(Scherge and Gorb, 2001) -

B 6. A BWEINM S FFm T s R Y L (QFA A (Lady bug) 0 (b) ¥ 4= (Robber fly) »
(©)? 2. (Beetle) -

(B * &k : (a) http://www.biology.duke.edu/dukeinsects/semgallery.php, 9/5/2009 ;
(b) http://www.biology.duke.edu/dukeinsects/semgallery.php, 9/5/2009 ;
(c) http://mysite.verizon.net/vze80zil/NaturalSelections/beetle leg_joints.html, 9/6/2009)

AR83 143 B 7 Fe B & R-EE R F 28 (skeleton) 2o # F2(bones) B dEAs k o izt B &34
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U4 2 THE  vA L2 aigs] o TR HM AN ik d R d g 50
P e T e (tissue)2 3] & - #-BE & 4 5 g et i & (fibrous joints) ~ 4 ¥ B
& (cartilaginous joints) ~ % % B & (synovial joints) o 7 #t5 A RERE & ¢ o iR B & 0k < 30
A v KA R TR RT FRA R d 2 i85 (Gaudin, 1991) 0 Fla & F A KL b 2
R BERiE T h i B 2 # fE § 7 (Stachowiack, 1994) o 4 #gR & ¢ > B E & R
B & g BAL(hip) 2 R(knee) M & - AL & Thd B BI AT ROM &G > 0 B G M &8
¥ 2 i (synovial fluid) - # /% pH &%) 5 7.29-7.45 (Katti, 2004) - % &g i B & Jf K=
AR SR H IR f IR Blde el ¥ FALY 0 AEM H oKL 2 X% 5 4 (peak
resultant forces)™ 4 £ - & | & ¥AM & TR 2 A HPR4 41 53E 3 MPa
(Little et al., 1969; Merkher et al., 2006) -

Fireh a2 e 30T 0 L (A)M & g0k (articular cartilage) ~ (B) i i% (synovial
cavity) ~ (C)# & % (articular capsule) ~ (D) /% ~ (E)*x 3 # 7 (reinforcing ligaments) ~ (F)*;
i7 % (fatty pads) 2t B & 4 (articular disks) ~ (G) i i% 4 (bursae) : & = % (flattened sacs) ~ % (H)
sty (tendon sheath) o B & F %55 Sk 2 5% w8 417 Jr si(synovial membrane) & i
W d 93 4 s (collagen fibers) ~ 58 % 4 s (elastic fibers) ~ 2 i /% 0¥ (synovial cells) & = >
TREL D PRGN R F ok 3d P (proteoglycan gel) “r i A 2 K i AT
& 4142 (fibrous composite material) (Buckwalter, 1983; Aspden, 1994; Scherge and Gorb,
2001) -

B & 3 F (articular cartilage, AC) E_% B & ¥ #2246 - kG e R 175 ¥ fedx
FRenig Bes 2 B S B cv B B0 ¢ AN T AR A T Ko
ok A& ke e 3% R(collagen) ~ F-¢ pE(proteoglycans o & g g e A ) ~ 2 oK o g
F ¢ 80%H_-k > » # ¥ 5% € (dry weight):7150-75% €% & > 15-30%2_3-v fE - 3 £ §
Fiv 2 < 43 s 2 24 (Buckwalter et al., 2005)1 & B & 8 B pAF R an R 4~ B4

3 $» 4 ‘e & (Eberhardt et al., 1990; Dunbar et al., 2001) -

Aoae I HEIT T R AR R l"\ﬁc’mﬁ",fiJ_P]‘ﬁlL
; f]’ﬁ ;Imzﬁg/’g’ EE /g’/]i’ ~E 1-\ z_’ng x']/\a LEME/.’H% ’ ;P<
02 F-9 0 F]gt & % Vsynovia” > F & “egg white” o iR b &2 R R B HEEFRZ A5G

Mov - fAn 5]€r(blood plasma);% +7 +~ (dialysate) > p % PR R EMFD FAF

&
%
=
9N
—=\
G
e
(\x
% (e
T
&~

o«
.

3
= »
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Bifia 5 ~ 2 g e (Hyaluronan, hyaluronic acid » ~ fEpEFERs ~ SR PEAL AR FL ~ BP0 T L) -
Figeitz 20 F-v ot o (blood serum)eg o fe v dEF K oA F AL 2t G ISR T & B
B ORI .

BoEFSA Ry 0T B (Fung, 1993) Uk @gﬁ%l % 72 2 (fluid transport
theory) ~ B i & 32 (lubrication layer theory) ~ /& + $h-K 32 % (roller bearing theory) ~ 132 /¥

7 2+ (boosted lubrication theory) ~ % #ic F 44 72 3 (cartilage material theory) » % 4 if 4e
e iﬂﬁ]

g &2@?]319__;% s 3 AF & L AT B AR 3 14 (viscoelastic properties) 2. #r i sy L 3
FRAR A RFAGA2ZEEE {;‘g;ﬁ@i%ﬁﬁ J& (viscous response) - & #x
P L% - 2 P BT R A REESR R R R R PE (B e R AR R
P OR) o BB e o IR A o BRI MR R AL Tt e L b
FomRFF SR G PR R AF IR § iy 4 st p (Fein, 1967;
Kwan et al., 1984; Mow, 1969; Hou et al., 1992) » @ i B i #opafp Pl iE 2 B & o

2. BF K

BART 0 ARFMT (£ 5§ 4 % (MacConaill, 1932) > & £ 48R & 4 4 F 7
F 8425 L 4 §4(Ogston and Stanier, 1953) m A8 W& & 4 B4 0 L 2 2 & iE
Hig &~ oo A (velocity profile) 2. - & (gradient) s ZFin B & = w5 it o /ﬁw.z P BIERR
Fi e (hyaluronic acid » 7t 38 o 58 Ak — R 5 48) 7 5 So i BARF 125 o AR F 8415
“t ff jx(Fung, 1993) -

3. BT KER

AL e iR ? B3 B4 & 39 F 4 £ 4 (protein complex) » @ 2tpl g A
£-(Chikama, 1985)- & + A fic4t B 24 1 gL /R pe & 200 nm~500 nm 2 & =2 B 5. (formless
mass) ; @ F-v B4 & Bl 5 20 nm~30 nm 2 IR AER o s fn TR R LRI 2 By
3 e RO H gk 4R 0 # i 4o e R F #h-K (roller-bearing) 2 % 4 (cage) & i3 7 E
(retainer) — 4% > @ H p 2 Jpfe v opod fEE oo SR FT RPN & 2 Eip & B

(elastohydrodynamic lubrication) I {7
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4. BEEBFEH

AT s B S HF 2 B s FF L ket R Mg o rfa i
JaA2 A (filtration procedure) » F-—v B2 H s B A+ § 24578 o 103k s F (7 (Walker
et al., 1968; Maroudas, 1967) -

5. &t F H A

gy ax ¥ R 124 (cartilage material theory) (Fung, 1993) » #ic # kB 4 R0 2 T %

£ b JFREA 2 B 25 (Dowson et al., 1968; Ateshian and Wang, 1997) » b % 25 3 518 Ji #
2RI HRA @ T oMY - Bk T Ad T A G E A

o B IHET i +§ﬁ%%@%§¢éfﬁﬁ%’aiaa%$—ﬁﬁé§%ﬁﬁ
) (boundary lubricant)z- 4% % % (Radin, 1970) - Swann % * (Swann et al., 1981)4% &} : % -
LGP-1 glycoprotein (p% 3-9 )3% A 2 B i + L P B a2 B804 Bt oo ok £
mRETF SR @ﬁ—ﬁﬁ & 12nm~14nm 5 o 2 Rk F EEh AL, Han e
##kfia 47 (phospholipids) ~ § F "=%pF ~ 2 0 [ o TR SOR BT i PIf ki ¥ L
FADFR? F L2 4 F > T 4% B &R ok (Guerra et al., 1996) o &+ 4 A ficdR
(atomic force microscope, AFM)#L %22 7 i&48 24 & i& (amorphous) ~ 2L ‘et £ & 2. 5 &
T A RE(In Vivo)BE & ¢ RAE DT W Z B 2 FLBARF T o 22 F £ & (Jurvelin et al,,
1996) -

I~ 03 BEESL R

FPAREEFEIEr 2 B AR B L L Famt o Wt 1B E Joint
prosthesis) 5 G|4c 12 F P o A 1 B & 5 1960 & SR 4 f 2 > A e BIE A I QS AT a4
WERY LEPFEIZ P Fp Pt 1 EPa 2228 1 %=+ ﬁ‘uﬁ%
€ B R A4 T IV % (Charnley, 1966) » & ¥ 4 &2 Bk g ¥ LA L §FF
f(Charnley et al., 1969) » i 2t % 2R el ¥ 31 A= A ML B F i » F eiimbe 3
MR EAREIE -G RE o uRET R m
(Aseptic loosening) » #3k B 4% B &2 gt Hp 4 3% o

_:L
7
(K LS A AP )

AR E R kT E B RO MRl s R R AR 0 B
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MEMERRYE Ao RARE ZAIHINEIGAMERE CHMERN G A
Mak -4 Madk T;ﬂlﬁlx%ﬁ'zg?ﬁ/&’ Foag ko TRk A 1B & 2 BdR ok agiE 1A
Wilde2 LF e FAMERR® 24T "?gf%’# 3 OWE "?gf%’# RAE~ &5 B ikr
IR 245 £ o

Madd 2 MaiRl & b itBifrck - 72 H %F;‘&%? AT A LRk s R
MM o B LR H L A RRFIRTAFC A AL IR TRk R R D
FAS 2 FiR o i AEP P EERFBE o 02 R F R AN RFRY i B
$Wﬁﬁm;ﬁﬁ’*ﬁ—ﬁﬂﬁmﬁ&iﬁﬂﬁ%mﬁﬁm’ﬂwﬁﬁ%%ﬁ“’%
FESFA AT RERME c AN SR PR RN LR g R R
AFECBERZ FABPET TG - BESAFR N ZIMO A F A (GREES
2003) > H & > & CaoHsyOr2 0 BBEZEF ~ B A 25 ApF G~ U2 FEAAHS LT
AfERA AR ZRFAFREN LRI AMEZFR o P AR S F BAF S AF
o W R REARTT o e R RFRP - BB 4e#iHE "y ~ Lo-DPPC &7y
(Dipalmitoyl phosphatidylcholine) ~ % y-3% 3¢ (gamma-globulin)% - # # La-DPPC #_=
s o MR A GRS > T Ey-TR 9 R 1T 0 i R 4 5 A (Double

layer) &H2 4 Ko o o BB WL BTN 0 il R BRI

Ak e CPERFAFLEHEME  FRFRGEFRE [ - AR
BRI B 2 R RV A RER G 2P B SR R R E4
IRETEHPTF L G o MEH T 2 SRR - R IR BORM > BB

t‘l
.E

AEARFEL > B2 bR o K p R - R AMEY B AN

_’l

WE2Z P F - d Bl g o3l AL ke Fla & St Firv i v iR

SIH S EEM LI BE e BRA R B0R AN E R 2 B L
CEEEN ' R & oY

b AfE S (A IS T ) B AERZ G ¥ B 1S
RE R B9 - i3> 28 a1 a2 mitd e ARREHFEIELa o E
AR RS R o R PR A ME SRR S LR B R - B
Bl ALY - BR T PR TR T T fe 7 2 (Mismatch) o blde f > B &
B e oo P LR Az g AR e % (Ultrahigh molecular weight polyethylene,
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UHMWPE)## 2 BB Fde b2 X RF 7072 2> Fla ERF F P d 23 Rix

+ £ - 84 & 4L > Ribeiro & 4 (Ribeiro, 2012)3% 21— &7 2 0¥ 48 & H4L > 2R T fies=
(meMePWﬂ*hﬁ%ﬁﬁﬂwmmnmmwacwnu%é&%CWTgﬁﬁwaﬁﬁiﬁ

SRRz R BB T X AR 2R %5%‘31 A2t - AATORL A o

A2 AE A RARR 2 B 0 ¢ AR AR R MR 4 HEE kA M

SR EEARMAST 0 U A SRR A 2 B o b2 AR G0 0 AR
- ‘*fﬁ"‘ ﬁlm—;@‘]}; Pz g N ARG 0 R fﬁi@@ﬁﬁg Ao B 5d K AL G oo

SERES SRS ¥ FIVAVE RS TS FR IR ST X N
ZEGRE o M ERES G o B R A I R T R

AWITh ~ GEBFEG ~ 2 i h HIEHE T IF L R P REF 2 R

\\\?{r

kA
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