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From Synovial Joints to Biomimetic Tribological Engineering

Chih-Kuo Fang

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

ABSTRACT

Numerous examples of systems in the creatures show energy efficiency, elegance in their
design and optimum use of materials. Imitating nature in man-made systems is thus an ancient
concept named “biomimicry.” The term “biomimetics” is often used in scientific and
engineering literature to denote the investigating and applying biological principles to human
product designs. Successes of biomimetics in engineering have been documented in the diverse

fields of materials engineering, mechanics, robotics, and many more.

Joints in the human body are perfect bearings. They can operate for a very long time
without failures. In this paper, the motion mechanism of synovial joints, and the contents,
structures, and tribological characteristics of synovial fluid and joint cartilage are investigated.
They are focused on the applications of biomimetics to engineering tribology, which involves
the study of friction, wear, and lubrication in engineering systems. The potential for transferring
technologies from biotribology systems into engineering tribological applications is studied as

well.
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ok L& ke e 355 R (Collagen) ~ 3-v pE(Proteoglycans » 5 g4 ik = &) ~ 2 ok o g
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it A A A A 2 B (Buckwalter et al., 2005)14 -k 2 B &3 s prAg fe e 4~ T4
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254 f apE o fof AE A 3 i 02 4 8 60E (7 (Biomechanical functioning) > 3-v pEi>
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5w > 3 50-100 3 § § ¥R pE4a(Glycosaminoglycans chains) — & 34 #nfik it % %
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B 5 M & gcd PRGN 2 B9 pES R~ k2 3 R BFR 2 M (2 (Dumbleton, 1981).

ok Mo % 3LE P acF (Hyaline cartilage) 2 4 ‘& gt (Fibrocartilage)i % - # @ # P 4t
o< BpE % E R 2 5 (High compressive strength) » e 8 4> 55 & (Tensile strength) #r 2
FomBait 28RS A4 > 5L R D Fir (High toughness) ® 53 2 #14 o 4 i
P iE- e 5§ ¢ B4 B gt F (Elastic fibro-cartilage) 2 v ¢ F % B & gt F
(Collagen-rich fibro-cartilage) - B 6 7 = A4 2 #c ¥ o W EREREKF > 0 ¢ i
FrF A EELL g FE T A& IR A3 45 (Intervertebral disks) 2 B &- 4% (Articular or

joint disks) > 4[] 7~8 #f7r o6 ¢ $it# AL X T 4 (Stress) > &g 1) 3E58 |2 5 (Viscoelastic



properties) » & F R 2 W2 R A2 AEF LB E o Flpt e ¢ Rl M AT S E R

S

Ho F fe B350 6 i (Ateshian, 1997) & % % #5 f& § J7 T ¢h— fEFL R % % (Damper)

B 6 3k id t@EP it o (b)sES sk o 2 (c) Bt (B KR
http://biology.clc.uc.edu/fankhauser/Labs/Anatomy & Physiology/A&P201/Connective_Tissues/Cartilage.htm )
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Bl 7. 1& & 4% (Intervertebral disks) B 8. B &4 (Articular disks)
(B 5 kiR : hitpJenwikipediaorghnikifIntervertebral_discs ) (B8) 5 3B : hitoz/enwikipedia.orniki/Artioular_disk )

gk & E 8- 8 5 3¢ (Porous)H B 0 B st 234426 60A - H A% i (Synovial
fluid) (Date, 1979; Leach et al., 1988) » "¢ ¥ *T< J&* =2 %1 > Firin I/ » g f o
B S HPRFRFBELRN o FlA Rt L SR o 7l Bl By R e
EHEA R § T LG B (Ducks) o fH R B R S ndt o go B g 2
I s T L BRI R 0 B R PR PRRSD EE AR 0 A2 iy By
(Air-cushion vehicle, ACV) z_ T2 o F]pt B & dc B IR 2 a2 B R $d > @250 p 3

iF 2. A g P ER(Anti-friction) 4 42 (Scherge and Gorb, 2001) -
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a0+ #4421 123 (Cartilage Material Theory) (Fung, 1993) » @it ¥ édk58 4 & 2 5 ¢ H
X B A 4 R Insgas;(Dowson et al., 1968; Ateshian and Wang, 1997) » ¢t 525 34518 &
R NIARA R P EATA G o T HR T - Bork T A F Ae 2V F g
A BE ARG A B AT IRF o A bde - BT EREF
A (Boundary lubricant) 2 4#%-(Radin, 1970) - Swann % * (Swann et al., 1981)#% ! : 1 -*
LGP-1 glycoprotein (5% 3-v )38 4 2. B i + LB E b 2 58 a4 B ik £
B REF A AFEF A 120m-140m 5> Lk 2 2 EF Abngg. B s
35 fia %7 (Phospholipids) ~ # 3R pPE ~ 2 v o SR BT o wm Rk v L
BADIFR2Z A A2 £ > T4 kB &5k (Guerra et al., 1996) - &k 4 M s E%
# P 248255 B (Amorphous) ~ 2k it £ m 20 B0 T A RE(Invivo)RE & ¢ R4E D R 2

B S i 2b ¥ £ & (Jurvelin et al., 1996) -

- BREREA KM &N REPE Mg il 27 <31 0.0026 (Fung, 1993) - #x ¥
Fooom 2 2R H A o in kR R & B il o & 3] ehrs 2 g F (Fetal cartilage)
AR HE lum; kX 5 27 ume H £ 5 R B(Asperities)& & 5 2> FFEE 0.2 um —
0.9 pm o 2@ 3¢ (2 L) ¥ B &m0k 0 & 6 42 R # 2 5.3 um (Smeathers, 1992)
Flm B &R 2 B E  H TaR 3 0.01-0.090 @ B &g 230 %
B2 4L 4o (Little et al., 1969) > F]m "% i B &~ 2 1@ & i + (Mobility) (Furey, 2000) - #&
oz 90 2 e FEE i 2 peg ez 4 S (Fibrillation) » %]/ i = M &R F o Fp doie )

A EERE TR 0 DRI A 1B AR - RSP o
SRS SRR

B Ey LR Eda s dal fE8T LM BEGE » FRE7 7L
BE& G 2 B LD onaBionk o FRAEIEP IR F L AR R
0 3-9 > Fp & L ”Synovia” v F i “egg white” o iR M &2 RREFFLEFRZ AL

F BT - fEs ﬁ]{r(Blood plasma);% 47 4~ (Dialysate) » p & # 3% 5 f§ % w2 & # 3o T A



F S BEfgAE o~ R R o iR T 2 F-9 F v s jr(Blood serum)ek i o i v B £ A F g

Bopk o 2 p P T 35 T -

iR a4 3z(Centrifugation) s # 4 5 3 & 1 - & AT pc @ &  (Hyaluronate
layer) » ¥ — & 8" 3 74 , (Proteinaceous layer) - B #:#5% 5% % 45 1 ¢ 3= F (ubricin
MW 227500)—if it # L & K% f fen® 0% a3t v TR o 5 LAgREBE - 5
Lubricin # 11%+_# & /% 4 #4fq 58 (Surface-active phospholipid, SAPL) - /#48 i & 2 & #
R = (Moving sites) B i & sz i de 2 Boeh K 3O G iefd SAPL S 2k o fLG
Oligolamellar lining - v # & 7 3 /BB & (Wetting agent) 2 L&z &= B i§ > & aif# o i
7 E_PERRA 3% 4 o ogn -k (Hydrophobicity) » i 3% 8 B B o Flut o FREE LG
PR R BB g A IR R M (g AR ) R h R KR R E R
ppEd SAPL#EF Az AR hi & &4 > Bl -k § o0t & (Schwarz and Hills,
1998; Ozturk et al., 2004; Hills and Craword, 2003) - # i ¢ fEBLE: 7 £ F| - &L § & [ 5t
(Krishnan et al., 2004a) - SAPL % Z 3 7 /B i & 2 i # &% &_{%79 %¢(Thoracic cavity)4 %
W T RIER G AT R B2 F ok o R ek s T 3 T chrs (Hills, 2003) o #F e
FaiRl SAPL 3 &3t A 8975 F R Fd cnle sk 0 iE 5 R B A 2 Fakd| (Antistick

agent) (Hills, 2003) -

S

d iR X P2 BRpg 5E F1 2L & & F [2(Surface-active) » ¥ F k2 A G kA > T E U R
% o ok (Hydrophilic) #1448 » @ @ 2 4 & % % g k42 (Hydrophobic) o &3 3% @
I B SRR o e S R E A 3 s (Monolayers) £.6 i 2 B H| o hir Rk 2
4 1@ 14 § j=(Physiological loading) ™ » % B~ ¥ #-# A= 1% dic(Coefficient of kinetic friction)
4 97%; F H ¢ * Bifig fet% 4k (Phosphatidyl choline » ~ % éPgirg) > ¥ 3 7 *% 4 99% >
BRI = 001 & g B SE (T L OB &R 2 F 42 4 (Hills and Bulter,
1984) » & 7 B A a4 (Anti-wear) < % (Hills, 1995) - ifig 5g8e 5 % & 3 314 > & Flgb
PR B 3 fidF e R A 2 (Wetting properties) » sk FRAL & 5 46 F Bifiasf #ox 0 @ G B4

i #+ B JF (Hydrodynamic lubrication)(Scherge and Gorb, 2001) -



Hills (2000) ¥ 45 34 i i & & 2 B P63 5 & Rplfkph— 2 4hsn s EM & i 2
Ao oA HEORE R R L 3 04Kkglem? s - A A sk R RS R o
3 kg/cm? - g R R R AP R e gt b PRS2 TR RIS
(Roller Bearing Theory) (Fung, 1993) » & gl JRpe & £ 2 5 B aw 4 - @ R p 2 kv
747 £ i (Protein complex) (Chikama, 1985)#% f i if 2 =i+ o T F BACEE 2R 1 * ® /L
s % 200 —500 nm & 4% 22k 2 @ #.(Formless mass) » @ 3¢ F4F & 48 5 20— 30 nm 2 3%
A o A BTl R AR 2 Bed TR e BT H el R 0 #alde ke R S K
(Roller-bearing) 2. ;% 4 (Cage) 2¢ i#4¥ 2& ® (Retainer)— 4k > @ H p 2 37 p o $EH - B 9
» 1 A2 % ;& # ph-Kk (Rolling-element bearing) s 4 » B ¢ JRH ¥ i g d < 2 (iR S R F)
A LR GRS A G B2 B R B dL XA RS A 2 4+ A (Jamming)z ke e
d A AR 2 JRIRE REF A W S FIEGR R Rl o m B &R Y 2 9 B4R &R G IRk

MR R A G M a2 LIRS I rfE TR KILS | s BB o

Cage

B 9. ;Eddh-ikz Cage (B ¥ %/ : http://en.wikipedia.org/wiki/Roller_bearing)

d 3P AEF i (Viscous fluid) &g BT w17 5 - 4 44 L % (MacConaill, 1932) - 1335
% % i (Hydrodynamic lubrication) /i 3 > B &3 # pF4% 8 2 % ¥ *7 & (Shear rate):d =
z_fz & (Convergent flow) & # 2_ /% & & (Hydrodynamic pressure) & 3 £ 35 f o2 2% o @
FHEERERRAIEF IR FRrTP>IM . L ekt ] R Y 3k

Behgk FRpe i 18 iR B 98 2 R (Viscosity, A ) A E g o
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REBEE 2 BFENE ALY & 100 pm b5 S8R B (Elastohydrodynamic,
EHD)*-5 & i % & 0.1pm~1pm 2. 88 % ; @ B /B (Boundary lubrication) 2. & i %5
B R A 0.005um~0.01pm 2. B o R T F BREREL AL T IS iR
WOE R Y - TR R R BB IS o blde Clark 3 £ (Clark et al., 1999) # 40,000 % 2
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2SR A a0 2 A9 Fvewgt | (Specific film thickness) » H #_& 5 A B
EJ,% o Byew 24§ &4 & (Composite roughness, & & B¥xm T35 & T 2 {oB 1350)
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EOCGER B BERA 2onk > Aot TR phekIZ | F 27 5E R B & {7 (Scherge and

Gorb, 2001) -

1397555 48 45 1% 72 36 (Fluid Transport Theory) (Fung, 1993) » o ¢ 4t # 47 & 144+ 2 k58 4

12 (Viscoelastic properties) » & # & X 3 f i 8 R R M2 FF B A AR FEAT
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Mow, 1969; Hou et al., 1992) -
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Bl 10 of 5465 4 B &0 SRS Bk B ez b i (Hills, 2000) -
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Beo el SR BB RERA ARFRAFFARY L AR o R AT
(Viscosity » T Js4 i B4R )7 X R BREF > - i fepifw 2o TR -ZEF Bl
(Pressure-viscosity coefficients) * % # k= (Cooke, 1978) o s ¢t F iz & 3 T T & 2 |
(Shear-thinning) » T 4k# (2 "¢ ¥ ¥ *» 5 (Shearrate > T BEF ~ F R P R)Z H 4@ *F

% (Mazzucco et al., 2002) - & szt 2 # 4 % 88 Ak F 12 (Non-Newtonian viscosity) 4% #x

(Smeathers, 1992) » ik BT R T AV (T R BT 52 RN G)  Fir



¥ - B E & MFEF LR (Rheopexy) (Oates et al., 2006) » #* &2 — 4.1 42 F i ¥
hff % 1 (Thixotropy)4p & - ik &P F 2 Ap M > JRGR I XY AR
H LR rg(ﬁg%L/ﬁgﬁﬂ 20) 0 PRI A b B SRR o @ R R
(Thixotropic fluid) = F|#6 ~ % ~ fH s 4 pF > HAERERET A S K> F A 25T
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drag 2tk o

Z 3. B & 5 E B Sdic2 vt #(Neville et al., 2007)

B o fhok mERNT AL | ORI 2
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P
B e éélfé??}iﬁf ;‘x"éﬁ%/?ﬁi& Bl R @/f&@éiﬁf R
i ¥ ¥ i
#* R 0.03-0.3 m/s 15 m/s 0-25 m/s 7 mls
#&?@ Max 18 MPa 60 MPa 10 MPa Max 1 GPa
R 25-40 °C 120-150 °C 125-200 °C ~ 100°C
B A s 3 W —SERRE | W SERREREG
N i ARE | mmep i
PR REREDGMETAENDRERR A ARFPEF(2RE)TAF

fo o W BERG R A5 B BERF R4 & J A AEF 2 (Bulk viscosity or Volume
Viscosity) £ fiz o ZR @ 14 B & hopt R B aE R 0 B A F E R R R BB o 1
A2k S ie i EH T - R N B (Boundary lubrication) ¥4 o H B R R ] 3T
% ® R 2h(Asperities)® B PR A A e R EEF 0l BEEe- 8 & g (Tribochemical films)
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HiEE)E 2 e MR - AEE G E R ERA R N
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BB (M ERRE)L L £ SR

BEAX P ¥R S 2 BR8] 5 i+ £ 3k (Furey, 2000; Fisher, 2001) » i 7 4 1
Ao A H E B FRB & ARG EaE 2 G oo LA A 2 3 ARk ieh 2 (Neville et
, 2007) > rul el E 0~ B B E ~ BLR A Bt o B R At

& T | B K (Green lubrication strategies) (Neville et al., 2007) » % # & & i & % %
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Pl ©
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