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Figure 1-1. Compression of a cylindrical specimen of trabecular bone. To determine material stiffness, the specimen is
compressed and the change in height is measured. The resulting compression can be expressed in terms of strain (g),
which represents the amount of compression (Al) divided by the original height (L) of the cylinder.
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TABLE 1-1. Representative Values of Material Properties for Select Tissues and Orthopaedic Materials

Material Young's Modulus (GPa) Yield Strength (MPa) Ultimate Strength (MPa) Failure Strain (%)
UHMW polyethylene (arthroplasty) 0.9 25 40 5
Ligament (in tension) 15 60 100 15
Polymethyl methacrylate (bone cement) 3 74 74 2
Cortical bone (in compression) 17 200 200 1
Titanium alloy 110 800 860 10
Stainless steel 200 700 820 12

QS o diog |, osle(elastic working region) ¥l gasl jo S i 15 E-modulus
adgl Cdl> & Jol5 job a4 5,5 B> 5l Ly eole a5 Caul o5 lojlasl 4 (oading) loading «5° ol>

00,5 o3l

CnSs >0 b 5,5 loading oYl saali 51 51,8 B 1) T Wb wole G (Strength) oSowiw! o 5

<Oguw
pobad gabhais et o 5] (Plastic deformation) oils JSCi judd o @ )1 51 a5 (gladais

Cwl oole Yield strength S5l 5 0,15 ob (Yield point)
Sl plxiw! 5 ol (Failure point) cunsll gabis (iS00l )] 40 a5 glakass

e o slas |, (Ultimate strength)




:¢|5.4 Slawlis sl JL\A

MPaA#. = Ultimate strength : sgilid
MPas.. = Ultimate strength : Lol o

(J...A.w‘ J.uc) » stiff (_goél.o )‘ ).aw &)‘».\3 ‘5.03)’ (ﬁ}gLM.: J...c) f&w}” 6°°L° Pl AR o QLW.: u.:‘

il

Fal oamline JB (o3 Cady yols KU sl gy 1l ¢ cdl 2o

.oo)fsn)’b adel IS a4y ol o) 51 s oy o(SaY] (go0g00me 10) oS slog e Jlesl L o

U olgzds JSi jo oy 5 oo bl 0dls JSh i < Yield point o> ) i slag s Jlesl b o
c2ile go

W o lid (g0l 3 S ysi Failure point 1 L3 U Yield point i w45 Jusw! aile (sl solo
.55 0 0.l Ductile

I yuasi Failure point 31 L3 5 (Methylmethacrylate) o™ o Juio Jio s0lg0 ¢ blie ;o
g oo 0wl Brittle (usjyle Sl

g 4 (S i Glods 1)) 060 0 0008 0954 peigiin] sy b Jes ;o O ST fute (goaiiSls Cools
S oo S5

Oy Jie) s 10ading S o el plo sl Juul 5l yioS ol sles squs 5,65 lgzeinl sl pSl
o] bl e i ol S 3 sl e ezl (395

failure Fatigue o > 45 055 0 olwl eole o microcracks «old o> w3 5,1, loading ;s Ll

=

.oo;sa

cyclic stress lmo o bls) a5 558 0 ciogs S-N (Stress—Number) Joww b oosoy oyl

TP
Y 98yl Joeo!
¢



.

i,
o ;si E‘n

Fatigue failure .1, o g5l plpls S o pueyi |y S 5 opl remodeling « cxab oylgsin! ;o

Syl (oYL Cwglio

gl oo Cdeos| Fatigue failure cel colys jo 5 a8l oz 05 4 S 5 ol b Codos] o Ll

Fatigue failure Jb coonl

S Suw g loading Jois 4> cou 5 Ygaulinl o a5 0 axg Wbzl eed Gawien b pleys o
Lo les u.s)i)b VR G Vi PR FINELY o}.g‘LoU.i‘é 1) GL-.a Js b LaT °J’*i’ ROPNY B el w)?)ljs 6&»&0

O399 dguxoli jebas Wil oo culeasl il o] 5l S STas el load | i  Fatigue limit
(SN e &8l cond) 0S Joow |, loading sFatigue failure

loas @\Jb Olgzinl 5,95 hez oy b Ladd M O9emwlnSd slacilas] o
g oo Cuadnos| yo Fatigue failure « >0 colys o loading saslsl )96 (> SonSs S
5 Ngd oo b S 590es 38 loading 31 YL Fatigue limit L o5l s 5,1 slo colosl ¢ Jlio o o
g Fatigue failure > ols

(stiffness, yield strength, ultimate strength, fatigue limit) slge S5l Lolgs o pion

3¢ cyas 3o (Shear) 4 (torsion) . (bending) . (tension) .1 Ko sla,lad glgil 0 &lgs o



2L
Sz Ul jgel g Ll jbcosy Y sxgiyl Jgeo!
¢

1000
titanium
— O D 0 O 5 J P
< 800 g o " . .
S" Ay stainless steel
=
= 90 yield point
I
ﬂf & failure
400
E. —— glastic region
g o0 cortical bone s kR g
[72]
f::; bone cement (PMMA)
0 T T
0 0.02 0.04 0.06 0.08 0.1 0.12

strain € [0.01 = 1%)]

Figure 1-2. Stress—strain curves reflecting properties of representative materials. The slope of the initial linear
region of curves (green) represents stiffness (E = Ao/ Ag). Steeper slopes represent stiffer materials. Yield
points indicate limits of the elastic “working” region. Brittle materials such as cortical bone fail abruptly,
whereby the yield point coincides with failure. Ductile materials have considerable deformation between the
yield point and failure point.
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Complex Material Properties of Biological Tissues
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Figure 1-3. Most biologic tissues are composed of multiple components, organized in a structurally optimized
microstructure. They exhibit distinct mechanical properties, depending on the direction of loading (anisotropy;

A), as exemplified by the longitudinally oriented osteons of cortical bone, and the rate or speed of loading
(viscoelasticity; B), as shown for articular cartilage.
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