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Summary

Trabe
ular bone, also known as 
an
ellous or spongy bone, is one of the two osseous tissues

(
ompa
t and spongional) that form the human skeletal system. The skeletal system is very

important not only as a supportive stru
ture for mus
les and other soft tissues, but also plays non-

substitutable role as a prote
tion of inner organs. Other fun
tions performed by the osseous tissue

are: 
al
ium phosphate storage and hemopoiesis, i.e. formation of blood 
ellular 
omponents in

bone marrow. From the material s
ien
e point of view trabe
ular bone is a highly organized


omposite material, with very unique properties. Although the e�ort to repla
e autograft and

allograft bones by a syntheti
 tissue-engineered s
a�old has 
ontinued for the last two de
ades

there are still several open issues that need to be addressed.

In this work an engineering approa
h is used to assess the mi
rostru
tural and me
hani
al prop-

erties of trabe
ular bone and to show the possibilities of modern experimental, numeri
al and

imaging methods for quanti�
ation of bone quality. There are several areas in whi
h the re-

sults of the resear
h 
an be utilized: i) early diagnosis of osteoporosis and bone quality and

quantity measurements, ii) bone fra
ture risk assessment, iii) evaluation of performan
e of arti-

�
ial implants, iv) design of bone s
a�old, v) e�
a
y 
omparison of di�erent drug therapies and

treatments for osteoporosis, vi) in vivo assessment of 
hanges in bone due to osteoporosis using

in-vivo animal testing.

Combination of experimental and numeri
al methods is used to measure the quality of trabe
-

ular bone given in terms of material performan
e, i.e. standard me
hani
al properties (sti�-

ness, strength, yield stress and yield strain, hardening modulus) are evaluated inversely using

mi
rostru
tural �nite element models with tissue material properties measured by nanoindenta-

tion. To 
ompare the results of numeri
al simulations to the response of real trabe
ular bone

under me
hani
al load a unique experimental setup has been developed whi
h enables to 
apture

the deforming mi
rostru
ture in great detail. A 
ustom loading devi
e enabling to gradually


ompress a sample dire
tly inside mi
ro-CT 
hamber has been designed. This enables to 
apture

individual deformation states of the sample and thus dire
t 
omparison between experimental

and numeri
al results.

These methods enable not only to assess the relationship between the mi
rostru
tural param-

eters and the overall bone me
hani
al properties but also give us the opportunity to 
ompare

nondestru
tively me
hani
al properties of newly formed bone in animal models (provided that

some information about the tissue properties is known) and in 
ase of su

essful immobilization

of the animal even in-vivo. As an example of su
h possibilities, an attempt to inversely estimate

the bone quality using mi
rostru
tural models has been made in whi
h voxel models based on

images from mi
rofo
us 
omputed tomography were used to 
ompare the overall sti�ness of rat

vertebrae. Possibility to use the mi
rome
hani
al models developed from mi
ro-CT data to esti-

mate the performan
e of a proposed orthopaedi
 therapy is outlined. The advantage of su
h an

approa
h is demonstrated using an example of stem 
ell therapy, when a bone s
a�old 
ombined

with human mesen
hymal stem 
ells is used in a rat model of vertebral body defe
ts.
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Souhrn

Trabekulární kost, která se také nazývá spongiózní (houbovitou) kostí, je jedním druhem kostní

tkán¥. Soubor v²e
h kostí vytvá°í kostru, neboli skeleton. Skeleton je velmi d·leºitý nejen jako

podp·rná konstruk
e pro svaly a dal²í m¥kké tkán¥, ale hraje taky nezastupitelnou roli jako

o
hrana pro vnit°ní orgány. Mezi dal²í funk
e m·ºeme zahrnout funk
i zásobárny vápníku a

hematopoézu, tedy tvorbu krevní
h bun¥£ný
h komponent, která u dosp¥lého £lov¥ka probíhá

ve stromatu £ervené kostní d°en¥. Z pohledu materiálového inºenýrství je trabekulární kost

vyso
e hierar
hi
ký kompozitní materiál s velmi unikátními vlastnostmi. A£koliv úsilí zam¥nit

autograftový i alograftový materiál synteti
ky vyrobeným podp·rným skeletem bylo p°edm¥tem

systemati
kého bádání poslední
h dvou dekád, mnoºství otázek stále z·stává otev°eno.

V této prá
i je pouºito inºenýrského p°ístupu pro stanovení mikrostrukturální
h a me
hani
ký
h

vlastností trabekulární kosti a k demonstra
i moºností moderní
h experimentální
h, numeri
-

ký
h a zobrazova
í
h metod pro stanovení kvality kosti. Výsledky tohoto výzkumu mohou najít

uplatn¥ní v následují
í
h oblaste
h: i) v£asná diagnostika osteoporózy a stanovení kvality a kvan-

tity kostní hmoty, ii) kvanti�ka
e rizika vzniku osteoporoti
ké zlomeniny, iii) stanovení 
hování

um¥lý
h náhrad, iv) návrh podp·rného skeletu, v) porovnání efektivnosti r·zný
h postup· a lék·

pro preven
i a lé£bu osteoporózy, vi) stanovení postupný
h zm¥n ve struktu°e kosti v d·sledku

osteoporózy in vivo pomo
í laboratorní
h zví°at.

Pro stanovení kvality trabekulární kosti je v prá
i pouºito kombina
e experimentální
h a num-

eri
ký
h metod, kdy kvalita je vyjád°ena pomo
í standardní
h me
hani
ký
h vlastností (tuhost,

pevnost, mez kluzu, modul zpevn¥ní). Tyto me
hani
ké vlastnosti jsou ur£eny inverzn¥ pomo
í

mikrostrukturální
h MKP model· s konstitutivními vztahy na úrovni jednotlivý
h trabekul,

které jsou stanoveny pomo
í nanoindenta
e. Výsledky t¥
hto simula
í jsou porovnány s odezvou

vzorku trabekulární kosti, který je podroben jednoosé tlakové zkou²
e v unikátním experimen-

tálním za°ízení, které umoº¬uje detailn¥ zobrazit deformují
í se mikrostrukturu vzorku. Pro tyto

ú£ely bylo vyvinuto zat¥ºova
í za°ízení, které umoº¬uje postupné p°it¥ºování vzorku v mikro-CT

za sou£asného oza°ování a tak za
hytit jednotlivé deforma£ní stavy vnit°ní struktury vzorku a

tím i p°ímé porovnání experimentální
h výsledk· s numeri
kou simula
í.

Tyto metody umoº¬ují nejen odhalit vztah mezi mikrostrukturou a 
elkovými me
hani
kými

vlastnosmi kosti, ale umoº¬ují nedestruktivn¥ porovnat me
hani
ké vlastnosti nov¥ tvo°ené kosti

v experimentální
h modele
h laboratorní
h zví°at. Jako p°íklad moºnosti vyºití náro£ný
h MKP

simula
í pro stanovení kvality kosti pomo
í inverzního výpo£tu je v prá
i demonstrován výpo£et

tuhosti páte°ního obratle laboratorní krysy. Smysl t¥
hto výpo£t· tkví v moºnosti porovnání

úsp¥²nosti lé£ebného postupu, testovaného na laboratorním zví°eti a to, v p°ípad¥ úsp¥²ného

znehybn¥ní, dokon
e in-vivo. Vyuºití detailní
h mikrostrukturální
h model· vytvo°ený
h ze

snímk· mikrofokusální po
íta£ové tomogra�e za ú£elem zhodno
ení navrºené ortopedi
ké terapie

je nastín¥n v záv¥ru prá
e. Uvedený p°íklad byl sou£ástí v¥t²ího výzkumu z oblasti vyuºití

kmenový
h bun¥k, kdy kostní podp·rný skelet kombinovaný s mesen
hymálními kmenovými

bu¬kami byl pouºit v modelu defekt· páte°ního obratle.
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1 Introdu
tion

Trabe
ular bone is one of the two type of mineralized osseous tissue, that form our skeleton.

Generally, two types of bone tissue, trabe
ular and 
orti
al are present in any type of bone.

Corti
al bone is the dense layer on the surfa
e of bones, while trabe
ular bone is the highly

porous stru
ture inside the ends of all long bones (e.g. femur, humerus or tibia). It is also

present in other bones (e.g. in vertebral bodies) where it 
ontributes to the overall strength of

whole bones, namely under impa
t loads. At mole
ular level 
orti
al and trabe
ular bone are

made of the same 
onstituents but their ma
ros
opi
al, namely me
hani
al properties are quite

di�erent.

Sin
e bone is a 
omposite material, its properties are in�uen
ed by the properties of its 
on-

stituents. Material properties of trabe
ular bone are furthermore heavily in�uen
ed by the

ar
hite
ture and 
onne
tivity of individual trabe
ulae. At mole
ular level one 
an 
onsider bone

to be a 
omposite material 
onsisting of organi
 and inorgani
 
onstituents. To establish the

relationship between the overall me
hani
al properties and the mi
rostru
ture, it is ne
essary

to measure reliably the properties of individual trabe
ulae. This is quite 
hallenging be
ause of

the small dimensions of trabe
ulae and their irregular shape. The length of trabe
ula is around

1 mm but it varies in di�erent anatomi
al lo
ations and spe
ies. The very small dimensions

of trabe
ulae introdu
e spe
ial requirements on both experimental and numeri
al methods for

me
hani
al properties assessment.

1.1 Bone 
omposition

Bone is a natural 
omposite material made of 
ollagen matrix sti�ened by 
rystalline salts 
om-

posed primarily of 
al
ium and phosphate. Collagen is a soft organi
 material and a �brous

protein also found in other 
onne
tive tissues. The 
ollagen provides the bone with toughness

(while the inorgani
 salts are responsible for the rigidity and sti�ness of the bone). Apart from


ollagen, there are other proteins present in the bone. These in
lude gly
oproteins and pro-

teogly
ans whi
h 
reate an amorphous mixture of extra
ellular material. In addition to this

protein 
onstituent of bone, there is inorgani
 
onstituent, whi
h is a mineral very similar to

hydroxyapatite � a naturally o

urring mineral form of 
al
ium apatite des
ribed 
hemi
ally as

Ca10(PO4)6(OH)2.

The 
ollagen mole
ules and 
rystals of hydroxyapatite are assembled into mi
ro�brils. Further

on, these �brils 
reate �bres with thi
kness about 3 to 5 µm. The �bres are then assembled

either randomly into woven bone or are organized into lamellae forming lamellar bone. These

lamellae 
an be either in 
on
entri
 groups, 
alled osteons or 
an form linear lamellar groups,


alled plexiform bone. This level is 
alled mi
rostru
tural level.

At the same level, the bone is di�ers also in terms of its ar
hite
tural organization. There are

two types of ar
hite
tural arrangement present in all types of bones. A thin layer of dense bone

6




overs all types of bones and is 
alled 
orti
al or 
ompa
t bone. Under this dense layer in all

weight-bearing bones there is a less dense type of bone, 
alled trabe
ular or spongional bone.

This bone is subje
t of this work. Appli
ation of modern imaging, experimental and numeri
al

te
hniques for investigation of trabe
ular bone material properties is dis
ussed in the forth
oming

text.

2 Nanoindentation

Although there is a number of experimental te
hniques for measurement of bone tissue me
hani
al

properties there are possibly �ve main methods used for this purpose: (i) tensile or three- (four-)

point bending tests, (ii) bu
kling studies, (iii) a
ousti
 methods, (iv) ba
k-
al
ulation from �nite

element simulations, (v) nanoindentation. The published results di�er signi�
antly, for any of

the before-mentioned methods, even when the same testing proto
ol has been used by di�erent

resear
h groups. The are several reasons for the s
atter in the obtained results whi
h 
an be

attributed to di�erent proto
ols used in sample preparation, di�erent testing methods or the

s
atter 
an be explained by the real anisotropy and asymmetry of me
hani
al properties of the

tissue itself. One of the most favourite methods used to measure the bone material properties is

nanoindentation.

Nanoindentation has been used to measure the me
hani
al properties of both 
orti
al and tra-

be
ular bone. For the 
orti
al bone, this te
hnique has been used to measure the properties

from the level of single osteons. This te
hnique has been used to identify the sour
es of material

anisotropy of 
orti
al bone and to explain the stru
ture-property relationships in bone. It has

been shown, that material properties measured by nanoindentation, vary even within 
ompleted

se
ondary osteons [1℄. Also, the elasti
 material properties (Young's modulus and hardness)

are highest in the 
entre of the osteon and are de
lining outwards. Moreover, the me
hani
al

properties of osteons were also found lower than those of the interstitial bone. Similar results

were a
knowledged by other authors, although some of them reported no statisti
ally signi�
ant

di�eren
e in material properties of osteons and interstitial bone [2℄. Apart from this variation,

nanoindentation has been used to show the anisotropy of human osteons [3℄. In their work,

nanoindentation was used to measure the prin
ipal material orientations with respe
t to its axis

and to show that osteons are generally sti�er in longitudinal dire
tion and that the prin
ipal

dire
tion of sti�ness is slightly rotated from the osteon axis.

For the trabe
ular bone, nanoindentation has been extensively used in the last two de
ades.

Similarly to 
orti
al bone, variations in me
hani
al properties between samples harvested from

di�erent anatomi
al sites has been shown to be statisti
ally signi�
ant [4, 5℄. Among other

do
umented fa
tors, in�uen
ing the material properties, water and mineral 
ontent [6℄ have

signi�
ant e�e
t on properties of bone tissue, and this applies also to elasti
 modulus and hardness

of human trabe
ular bone lamellae [7℄. The water 
ontent has been shown to in�uen
e not only

the elasti
, but namely the vis
ous, yield and post-yield properties [8℄ of both 
orti
al and

7



trabe
ular bone.

Although the nanoindentation is well established method for measuring elasti
 properties of

trabe
ular bone, it is not so straightforward to use this method to measure its yield and post-

yield properties. It is even more tri
ky to interpret the indentation results for materials that

exhibit signi�
ant vis
ous (or poroelasti
) deformation behaviour. One has to bear in mind that

all biologi
al materials exhibit vis
ous deformation behaviour. Therefore, while it is relatively

easy to apply nanoindentation to obtain elasti
 properties of dry bone samples, both 
orti
al

and trabe
ular, to obtain vis
oelasti
 (or elasti
-vis
oplasti
) properties of bone introdu
es great

di�
ulties not only for sample preparation and keeping the sample in physiologi
al saline solution

during the testing, but also for proper results interpretation.

Nanoindentation was developed in the mid 1970s and measures the hardness of a material

in a small volume of interest. The prin
iple of the method is same as in the traditional

(ma
ro)indentation test - a sharp tip of hard material is pressed down into a surfa
e of the

tested material and from the measured load and indentation area the hardness is 
al
ulated.

Elasti
 properties of the material are evaluated using the Oliver-Pharr method, whi
h uses the

slope of the unloading part of the nanoindentation 
urve. This method assumes the material

to be elasti
 and in
ompressible, the 
onta
t between the spe
imen and indenter purely Herzian

and the unloading fully elasti
. The method has been proven valid for axisymmetri
 indenters

with in�nitely smooth pro�le and perfe
t geometry, zero adhesive for
es, fri
tionless 
onta
t and

spe
imen represented by in�nite half-spa
e [9, 10℄.

The Young's modulus of the tested material is 
al
ulated from the unloading part of the inden-

tation: the slope of the 
urve, dF/dh (F is the measured for
e and h is the indentation depth),

upon unloading is indi
ative of the 
onta
t sti�ness S whi
h 
an be used to 
al
ulate the so-
alled

redu
ed Young's modulus Er:

Er =
1

β

√
π

2

S
√

Ap(hc)
, (2.1)

in whi
h the proje
ted area of the indentation Ap(hc) is �tted by a polynomial for a given 
onta
t

depth hc, and β is a geometri
al 
onstant. The redu
ed modulus Er is then used to 
al
ulate the

Young's modulus of the tested material Em from the known Young's modulus of the indentor Ei

using a simple relationship from 
onta
t me
hani
s:

1

Er

=
(1− ν2i )

Ei

+
(1− ν2s )

Em

. (2.2)

Usually, diamond is used for the indentor tip and (known) material properties of the indentor

are then Ei =1140 GPa and νi = 0.07. For 
ommon metal materials, the indentation hardness


orrelates linearly with both the yield strength and tensile strength [11℄. For other materials

in
luding bone there is no 
orrelation between the yield properties and hardness. However,


onstants for nonlinear material model 
an be obtained by �tting pro
edure for whi
h a FE

model of the indentation is developed and the 
onstants of the 
hosen 
onstitutive model are

8



obtained using an iterative approa
h. For ea
h set of the material 
onstants, the load-penetration


urve is inversely 
al
ulated in the FE simulation and 
ompared to the experimentally obtained

one. The 
onstants are varied and least squares approa
h is used to �nd the best �t between the

experimentally and numeri
ally obtained F − u 
urves.

2.1 FE modelling of the nanoindentation experiment

To obtain the 
onstants of elasto-plasti
 material model with isotropi
 hardening from a large set

of indentation 
urves from quasi-stati
 nanoindentation following experiment has been 
arried

out. Small 
ubi
 sample of trabe
ular bone was harvested from 
adaveri
 human proximal femur

(72 year old male). For the indentation, two peak for
es, 10 mN and 20 mN were used in a grid

of 20 indents. Ea
h grid represented a set of di�erent parameters: three di�erent loading rates

(20, 120, 240 mN/min) and three holding times (10, 20, 40 s) were used, ea
h for the two peak

for
es.

Figure 2.1: The mi
rostru
tural arrangement of trabe
ular bone in the greater tro
hanter region

(proximal femur).

In the inverse FE analysis a rotationally axisymmetri
 model of the indentor and the underlying

bone was modelled. The Ber
ovi
h indenter with a
tual pyramidal shape was transformed into

an equivalent 
one. In spite of the nonlinear 
onta
t between the sample and the indentor, the

sharp tip of the 
one was rounded with radius r=200 nm [12℄. Both triangular and re
tangular

elements with quadrati
 shape fun
tions were used to dis
retize the geometry (see Fig. 2.2). The


onta
t between the indenter and the bone surfa
e was assumed as fri
tionless.

The optimization algorithm used for inverse determination of material model 
an be des
ribed as

follows: First, random values of material 
onstants in expertly established within initial ranges

and used for the initial simulation. The least squares method is used to 
al
ulate the R2
errors

between numeri
al and experimental results and 
ompared with a user spe
i�ed threshold value.

If the threshold is rea
hed the ranges of material 
onstants are modi�ed for the next iterations.

Ea
h iteration in the optimization s
heme 
onsists of approximately 100 simulations and �nally

new R2
errors are 
al
ulated and sorted in de
reasing order. Three highest values are used in the

next iteration step and new sets of 
onstants are generated using Gaussian distribution fun
tion.

The best �t of the material 
onstants is determined when limited number of iterations is rea
hed.

9



Figure 2.2: Example of the set of nanoindentation 
urves and FE model of the problem used for

the inverse estimation of material properties.

To �t the experimentally obtained indentation 
urves a �nite number of points is generated and

the 
urves are sampled at the points. F−u pairs 
omputed inversely and assessed experimentally

are 
ompared at these points using least squares approa
h. Resulting set of four material param-

eters (µ, E, σY , Etan) is obtained as the best �t. The �ow
hart of the optimization s
heme used

in the ba
k-
al
ulation is given in Fig. 2.3. For the detailed des
ription of the �tting algorithm

and for the results obtained see [13, 14℄.

nanoindentation

   experiment

nanoindentation

        curve

sampling

elastic constants

      Etrab, νtrab

initialisation

Etan,σy grid optimisation

      algorithm      

FEM analyses

     1,...,N

results

 1,...,N
compare
 (error R

2
) 

     constants
          max(R

2
)

resize grid?

yes no

Etan_1,σy_1 Etan_N,σy_N

assessed material

    model 1,...,N      

..............

    load

(pressure)

FEM nanoindentation

            curve

Etan_best,σy_best

Etan_best,σy_best

     sampled 

nanoindentation

        curve

Figure 2.3: Flow
hart of the optimization - �tting the parameters of the elasto-plasti
 material

model by 
omparison of indentation 
urves.
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3 Mi
rome
hani
al testing

3.1 Introdu
tion

To measure the material properties of individual trabe
ulae, there is one, probably more straight-

forward method to measure the me
hani
al properties dire
tly. Despite the very small dimen-

sions of the trabe
ulae it is possible to apply standard testing methods, i.e. three- or four-

point bending, tension and 
ompression tests to establish the stress�strain relationship for ex-

tra
ted trabe
ula. However, the deli
ate dimensions of the trabe
ulae and the mi
rostru
tural

arrangement of the trabe
ulae into a 
ompli
ated network require that spe
ial 
are and spe
ial

te
hniques must be used not only during the sample preparation and handling, but great 
are

must be paid to evaluate the strains and stresses in the loaded sample. The main advantage

of dire
t mi
rome
hani
al testing 
ompared to nanoindentation is the possibility to measure the

yield properties dire
tly or to measure at variable strain rates.

For a material model that would properly des
ribe the elasti
-plasti
 deformation as well as mi-


rodamage initiation and a

umulation it is very important to introdu
e a damage model to mi-


rostru
tural FE (mi
ro-FE) models. These models, built from very a

urate three-dimensional

image data a
quired by mi
ro-CT s
anning are used to predi
t the overall properties of bone

using samples with dimensions of several mm. It has been shown, that these models are able to

predi
t the overall orthotropi
 elasti
 properties [15℄, both in dry and wet 
onditions [16℄ but

fail to predi
t the yield properties and the softening behavior of trabe
ular bone. To des
ribe

properly behaviour of trabe
ular bone beyond the yield point, linear elasti
 des
ription is (of


ourse) insu�
ient and more advan
ed material model is needed.

3.2 Mi
ros
ale three point bending

Nanoindentation has been su

essfully used to measure the elasti
 properties of trabe
ular bone

both in dry and wet 
onditions [17, 18, 19℄. It 
an be 
onsidered as the de-fa
to standard

te
hnique when only elasti
 properties are sought. When deformation behaviour beyond the yield

point is important, it is more appropriate to use �standard� methods, e.g. three-point bending

or tension. The only 
ompli
ation with these methods originates from the tiny dimensions of

the samples. Usual length of a trabe
ula from great tro
hanter region is about 1 mm and the

diameter is about 100 µm. The dimensions of the samples require not only spe
ial harvesting

and handling proto
ol, but also additional requirements are on the side of for
e measurement

a

ura
y and 
onsideration of the spe
imen geometry.

One of the options how to assess the exa
t 3D geometry of the spe
imen is to perform 
omplete

mi
ro-CT s
anning for ea
h spe
imen prior the testing. This would require an extra time in

whi
h the spe
imen is irradiated by the X-rays during whi
h the spe
imen undergoes drying

and deproteinization sin
e 
omplete tomography is needed. Instead of using X-rays it is possible
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to use visible light and 
onstru
t the geometry using shape from silhouettes approa
h. This

algorithm uses the so-
alled visual hull, i.e. interse
tion of the silhouettes taken from di�erent

view angles.

Figure 3.1: Prin
iple of the shape-from-silhouettes method: a) visual hull - the interse
tion of the


ones de�nes the bounding geometry of the obje
t, b) trabe
ular sample and the re
onstru
tion

of its geometry from the shades.

For any silhouette image of an obje
t (shade), we know that the obje
t lies inside the volume

generated by ba
k�proje
ting the silhouette area. For the ba
k�proje
tion, only the geometri
al

parameters (distan
e from the 
amera to the obje
t) are needed. If the obje
t to be re
on-

stru
ted is 
onvex, this algorithm 
an re
onstru
t its shape with su�
ient a

ura
y, provided

that the ba
kground 
an be 
orre
tly subtra
ted from the images. This approa
h is used in our

experiments. The obje
t (extra
ted trabe
ula) is pla
ed on a rotating table and di�use light is

used to illuminate it. In ea
h angle, the shade is 
aptured with high-resolution CCD 
amera and

using a binary threshold separated from the ba
kground. Prior the testing, the a

ura
y of the

method has been tested using a set of 5 samples and 
ompared to the results obtained by X-ray

mi
rotomography. The di�eren
e between the re
onstru
ted volumes was not larger than 4%.

3.3 Displa
ement tra
king a strain 
al
ulation

Due to the deli
ate dimensions of the samples it is not possible to use 
onta
t method, e.g. strain

gauge, for strain measurements. On the other hand, it is possible to use a 
onta
t�less opti
al

methods to tra
k the displa
ements on the surfa
e of the sample and from the displa
ements


al
ulate the strains. To measure the strains in the loaded sample one 
an use either high-

resolution CCD 
amera and observe the deforming sample in visible light or take advantage

of using X-rays and 
apture the proje
tions using high-resolution X-ray dete
tor. Using X-rays

over
omes one problem with visible light - the obje
t is very small and a mi
ros
ope must be used

to get su�
ient magni�
ation. With in
reasing magni�
ation, the depth of fo
us is de
reasing.

Due to the 
urved surfa
e of the samples marginal regions of the sample are out of fo
us whi
h


an 
ause problems in 
orrelation at that area.

To tra
k the displa
ements a method based on maximalization of the 
orrelation 
oe�
ient

between two sub-images in used. A set of points (de�ning the grid) is de�ned in the undeformed
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(referen
e) image. Around ea
h of the points a re
tangular neighbourhood is de�ned forming a

subimage I0. The referen
e image subset is then shifted and deformed and 
ompared to the image

subset in the deformed image I1. The best 
orrelation between I0 and I1 is sought by nonlinear

optimization algorithm (inverse 
ompositional algorithm). The 
ross 
orrelation 
oe�
ient used

in the minimization algorithm rij is de�ned as:

r(u, v,
∂u

∂x
,
∂u

∂y
,
∂v

∂x
,
∂v

∂y
) = 1−

∑

i

∑

j[I0(xi, yj)− Ī0][I1(x
′

i, y
′

j)− Ī1]
√

∑

i

∑

j [I0(xi, yj)− Ī0]2
∑

i

∑

j [I1(x
′

i, y
′

j)− Ī1]2
. (3.1)

Here I0(xi, yi) is the pixel intensity at a point (xi ,yj) in the referen
e (undeformed) image and

I1(xi, yj) is the intensity at a point (x
′

i, y
′

j) in the deformed image. The mean intensity values in

matri
es I0 and I1 are represented by the overbarred symbols Ī0 and Ī1.

When the linear transformation between the referen
e and deformed subset is found, it is easy

to 
ompute dire
tly the strain tensor. It 
an be readily shown, that the 
oe�
ient of the linear

a�ne transformation

x
′

= x+ u+
∂u

∂x
∆x+

∂u

∂y
∆y (3.2)

y
′

= y + v +
∂v

∂x
∆x+

∂v

∂y
∆y

are members of the deformation gradient tensor F . In equation 3.2 translations of the 
entre of

the subimage u and v as well as the distan
es ∆x and ∆y from the 
entre of the subimage to the

point (x, y) are de�ned in the image 
oordinate system (x, y). Thus, the 
orrelation 
oe�
ient

rij is only a fun
tion of displa
ement 
omponents and displa
ement gradients. Arranging the

displa
ement gradients in the deformation tensor F = Fik = δik+
∂ui

∂xk

, the Green-Lagrange strain

tensor 
an be then 
omputed as:

E =
1

2
(F TF − I). (3.3)

For �tting the response 
urves, the Green-Lagrange strain tensor does not need to be evaluated,

only the displa
ements are used to �t the 
omplete F − u response. But the G-L strain tensor

is used to 
ompare the numeri
al and experimental results.

3.4 Mi
ros
ale three-point bending

To me
hani
ally test trabe
ulae using a miniaturized version of three-point bending experimental

setup (Fig. 3.2) was developed using pre
ise translation stages (Standa Ltd., Lithuania) with 1 µm

sensitivity. For the loading a high pre
ision linear stage (M-UMR3.5, Newport Corp., USA) with

di�erential mi
rometer (DM11-5, Newport Corp., USA) with 0.1 µm sensitivity and 5 mm travel

range was used. Applied for
e is measured using 2.2 N load sensor (FBB350, FUTEK Advan
ed

Sensor Te
hnology In
., USA). For opti
al measurement of deformations the setup is equipped
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with a high-resolution CCD 
amera atta
hed to an opti
al mi
ros
ope (Navitar In
., USA). This


on�guration enables to a
quire images of the sample under slowly in
reasing load and to use

tra
king of markers de�ned in the referen
e image to measure the displa
ements and strains in

the samples.

Figure 3.2: Experimental setup used in the three-point bending of extra
ted human trabe
ulae:

a) general view of the experimental arrangement showing the mi
ropositioning tables and load-

ing devi
e 
ontrolled by stepper motors, b) 
loser view showing the sharp loading tip and the

miniature load 
ell.

The samples were extra
ted under magnifying glass (4 × magni�
ation) from the same proximal

human femur (Fig. 4) as used in the nanoindentation experiment using a sharp-tip s
alpel and

pair of tweezers. Trabe
ulae were 
leaned o� marrow and grease in a detergent. Ultrasoni
 bath

was used in short time intervals.

To over
ome the problems with shallow fo
al depth one 
an use, instead of the visible light, X-

rays. This has a motivation in the improvement of displa
ement tra
king a

ura
y. As markers

to be tra
ked gold 
oated borosili
ate hollow mi
rospheres were used. Gold was sele
ted due

to its high atomi
 number (ZAu = 79). The mi
rospheres were 
overed with 250 nm golden

layer and the diameter of the spheres was 5 = 15 µm (Mi
rosphere Te
hnology Ltd., Ireland).

The mi
rospheres were used to 
reate a random pattern on the surfa
e of the spe
imens using a

solution of phosphate bu�ered saline (pH 7.0). Added gly
erine 
aused almost perfe
t adhesion

to the samples' surfa
e.

Similar experimental setup was used inside the X-ray shielded box. Ea
h spe
imen was tested

in three-point bending while X-ray mi
roradiography was used to tra
k the displa
ements in the

loaded spe
imen. Positions of the mi
rospheres were identi�ed using a 
ir
ular Hough transfor-

mation. The positions of the 
entres of markers were used in 
onsequent strain 
al
ulations. An

illustrative example of radiographs showing the three types of markers is depi
ted in Fig. 3.3.

More on the experiment 
an be found in [20℄.
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Figure 3.3: Radiographs of loaded trabe
ula (6, 50, 200 µm midspan de�e
tion) with emphasized

mi
ro-spheres. Corre
tly identi�ed mi
ro-spheres are labelled by a blue 
ir
le, mi
ro-spheres lost

during 
orrelation by a red 
ir
le and phantom markers by a magenta 
ir
le.

3.5 Inverse 
al
ulation of material properties - �tting the re-

sponse 
urve using FE modelling

Due to the high irregularity in the spe
imens' shape it is not possible to use e.g. Timoshenko

beam theory and 
al
ulate the stresses to plot the stress�strain 
urve. Instead, exa
t geometry

of ea
h sample must be modelled and dis
retized with �nite elements. Boundary 
onditions and

for
e must be applied with respe
t to the 
onditions in ea
h experiment.

Figure 3.4: Grid of 9 points used for tra
king the displa
ements in the three-point bending ex-

periment and 
omparison of experimental for
e�de�e
tion 
urves with those from FE simulation

for the set of best-�tted material parameters (sele
ted markers only).

To 
al
ulate the displa
ements at the exa
t positions where they were opti
ally measured during

the experiments, nodes 
orresponding with position of the 
orrelation markers were sele
ted on

the surfa
e of the model. Similarly, nodes at positions of the supports were generated in the

FE models to enable appli
ation of boundary 
onditions at the exa
t lo
ations. Similar least�

squares approa
h of inverse 
al
ulation of material 
onstants as des
ribed in se
tion 2.1 is used.
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Illustrative image 
omparing the experimental and numeri
al F − u 
urves for the best �t of

material 
onstants is given in Fig. 3.4. The results are summarized in [20, 21℄.

4 Mi
rostru
tural models

4.1 Morphometri
 indi
es used in trabe
ular bone resear
h

In the previous part of this work, methods of obtaining 
onstitutive law for deformational de-

s
ription of trabe
ular bone at the tissue level have been des
ribed. It has been shown, that the

overall properties of trabe
ular bone are in�uen
ed not only by the tissue properties, but also

(and importantly) by the mi
rostru
tural arrangement of the trabe
ulae.

In the past years, 
lassi
 stereologi
al methods were used to des
ribe three-dimensional mor-

phometry of the bone. For this purpose, several indi
es has been established to 
hara
terize

the mi
rostru
tural arrangement of trabe
ular bone. Among these indi
es, whi
h are used to

des
ribe the relationship between the overall bone strength and its mi
roar
hite
ture, the most

important are: trabe
ular thi
kness (Tb.Th), trabe
ular spa
ing (Tb.Sp). These two indi
es

were 
onsidered to be the key indi
es, i.e. most in�uen
ing overall strength of trabe
ular bone,

when measurements taken from two-dimensional images were used. In fa
t, histologi
al se
tions

were used for the purpose and with this te
hnique, it was not possible to a

ount fully for the

three-dimensional mi
rostru
ture. Moreover, it has been shown, that Tb.Th and Tb.Sp derived

from anatomi
al lo
ations where rod-like trabe
ulae prevails (vertebral bone) and from lo
ations

with dominant plate-like trabe
ulae (femoral head) are over- or underestimated when beam or

plate models were used to estimate the average thi
kness and separation [22, 23℄. This is the

reason why 3D data must be used when fully 3D morphometri
 indi
es are to be assessed. This

has been shown for the �rst time by Hildebrand and Rüegsegger [24℄ in 1997 when the authors

showed, that dire
t 3D algorithms must be used when model-independet assessment of Tb.Th

and Tb.Sp is needed. The base idea behind their approa
h is �tting a sphere of maximal diam-

eter inside a spa
e (a void in trabe
ular mi
rostru
ture). For this purpose, they designed and

implemented an e�
ient algorithm using distan
e transformation. Comparison between the re-

sults obtained from 2D histologi
al se
tions and 3D measurement using mi
ro-CT was published

the same year in [25℄.

Using this fully 3D approa
h the mean trabe
ular thi
kness (Tb.Th.mean) 
an be reliably estab-

lished. However, this is only a s
alar value and 
an be used as a good measure for intraspe
imen


omparison of trabe
ular thi
kness. Tb.Th as a s
alar 
annot a

ount for all stru
tural 
hanges

that are important for e.g. monitoring stru
tural 
hanges over time. However, there are other

stru
tural indi
es, that 
an be measured when fully 3D image data are available. Among other

indi
es used for morphologi
al des
ription of trabe
ular bone stru
ture are average trabe
ular

number (Tb.N), whi
h is the inverse of the mean distan
e between the mid-axes of the mi-


rostru
ture. The mean distan
e is also used for 
al
ulation of the previously mentioned Tb.Sp

16



- with one 
hange - the voxels representing non-bone parts are �lled with maximal spheres.

There are other indi
es whi
h 
an be dire
tly determined from the 3D image data. For most

of them a 3D model of the trabe
ular bone developed using algorithms from 
omputer graphi
s

must be used. First, from the thresholded images, 
ontaining only the bone a surfa
e model

is built using the Mar
hing Cubes Algorithm [26℄. Then it is easy to 
al
ulate other stru
tural

indi
es, su
h as bone surfa
e area (BS) as the sum of all trianles used in the surfa
e triangulation.

Similarly, after the volume is �lled with Delaunay tetrahedralization (see e.g. [27℄), bone volume

(BV) is 
al
ulated by summing the volume of all tetrahedrons inside the stru
ture. Often,

normalized indi
es, i.e. indi
es normalized to the total volume (TV) are used. These indi
es

in
lude bone volume to total volume (BV/TV), bone surfa
e to total volume (BS/TV) and

bone surfa
e to volume (BS/BV) ratios. TV is the volume of the whole sample.

Apart from these metri
 indi
es, there exist other non-metri
 indi
es, whi
h 
an be dire
tly


omputed from the 3D image data. For most of these indi
es, mean inter
ept length (MIL) has

been introdu
ed. The mean inter
ept length is de�ned as the total length lines interse
ting the

mi
rostru
ture (in one dire
tion) divided by the number of interse
tions of these lines with the

bone-marrow interfa
e [28℄. UsingMIL other important geometri
al parameters used to des
ribe

the anisotropy of the bone and other dire
tional properties are de�ned. For instan
e, degree of

anisotropy (DA) is geometri
ally de�ned as the ratio between the maximal and the minimal

radius of the MIL ellipsoid [29℄. Bone material isotropy is then de�ned as a situation for whi
h

DA is unity (1.0). Among other non-metri
 indi
es are stru
ture model index (SMI) whi
h is

a good estimation of the plate-to-rod distribution 
hara
teristi
s, trabe
ular bone pattern fa
tor

(TBPf) des
ribing the inter-trabe
ular 
onne
tivity and self-explanatory 
onne
tivity density

(Conn.D).

In general, all of these indi
es 
an be used to des
ribe the mi
rostru
tural�me
hani
al relationship

in trabe
ular bone, but none of them (nor only their 
ombination) is 
omprehensive or universal.

Moreover, when the post-yield deformational behaviour of trabe
ular bone is to be addressed,

all of these indi
es mostly fail. Other approa
h to des
ribe the quality of trabe
ular bone is to

dire
tly use me
hani
al properties, e.g. sti�ness or strength. The most straightforward approa
h

for establishing these me
hani
al properties is to use mi
rostru
tural FE models and use inverse

analysis to 
ompute these me
hani
al properties for the given sample. The mi
roFE models

a

ount with great detail for the 
omplex mi
rostru
ture and when the tissue properties are

known (or expertly estimated, e.g. based on the density obtained from CT s
ans) the overall

properties 
an be reliably 
omputed. Also, nonlinear large deformation analysis 
an be applied

[30℄ with nonlinear material model to simulate the post-yield behaviour.

4.2 Time-lapse mi
ro-CT

Mi
ro-CT 
an be used not only to reveal the mi
rostru
ture of trabe
ular bone, but when per-

formed in a time-lapse fashion, it 
an be used to provide ex
ellent experimental data for validation
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Figure 4.1: Experimental setup for the time�lapse mi
ro-CT s
anning of a loaded spe
imen of

trabe
ular bone (left). Deformed mi
rostru
ture in two load steps is depi
ted in a thin sli
e only

(right).

of mi
roFE models and the 
onstitutive models used. The time-lapse mi
ro-CT [31℄ is an ex-

periment in whi
h a spe
imen is repeatedly s
anned in mi
ro-CT under gradually in
remented

load. The result of su
h s
anning is a sequen
e of three-dimensional images of the deforming

mi
rostru
ture. In our experiment a 
ustom, laboratory mi
ro-radiographi
 system 
omposed of

mi
ro-fo
us X-ray tube and a large �at panel dete
tor [32℄ was used.

To enable simultaneous loading and X-ray s
anning of a spe
imen a 
ustom uniaxial loading

devi
e was developed. The loading frame of the devi
e is formed by a 
ylinder from material

with low and homogeneous attenuation of X-rays. The loading is provided either manually by

a s
rew or by a stepper motor. The devi
e pla
ed inside the X-ray shielded box is depi
ted in

Fig. 4.1 together with resulting images of the deformed mi
rostru
ture.

The spe
imen was gradually loaded in 6 deformation in
rements up to 5% overall 
ompres-

sive strain. The displa
ements were 
arefully 
ontrolled with high-pre
ision linear translational

stage. Time-lapse X-ray mi
rotomography of every deformation state (in
luding the zero de-

formation state) was tomographi
ally 
aptured a large-area �at panel with physi
al dimensions

120×120 mm and pixel resolution 2240 × 2340. During the a
quisition the target voltage was

70 kV and the target 
urrent was 140 mA. The initial (undeformed) state of the spe
imen was


aptured in 720 proje
tions with angular step 0.5 and a
quisition time 40×0.5 s to get the best

possible image data for development of the FE model and model used for DVC. After every

loading step 
omplete tomography using 360 proje
tions of in
rementally deforming sample was

performed. Re
onstru
tion of the internal mi
rostru
ture was 
omputed in MATLAB using a

ba
kproje
tion algorithm for equiangular 
one-beam proje
tion data [33℄ for ea
h load in
rement.

Both for the DVC and for the numeri
al modelling a FE model of the mi
rostru
ture has to be

developed. There are generally two options for the FE models. One 
an use tetrahedral elements

for the dis
retization to obtain smooth-boundary geometri
al representation or voxel elements

with zigzag boundary. When tetrahedral elements are used the surfa
e is �rst found using

Mar
hing Cubes Algorithm [26℄ whi
h is given as a 
losed set of triangles des
ribing the surfa
e
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Figure 4.2: Re
onstru
ted images of the deforming mi
rostru
ture.

of the obje
t. After some optimization and de
imation (redu
tion of the number of triangles in the

surfa
e mesh) the volume is �lled with tetrahedra using Delaunay triangulation extended to three

dimensions [27℄. This approa
h produ
es a large number of tetrahedra and extra requirements

are needed for proper segmentation of the image data to obtain fully 
onne
ted stru
ture with

non-zero volume. It is mu
h easier to use the voxel stru
ture (voxel is three-dimensional pixel, see

Fig. 4.3) and 
onvert dire
tly ea
h voxel into a linear hexahedral element. If quadrati
 elements

are needed, the mid-side nodes are pla
ed in the middle of the edges.

Figure 4.3: Voxel model of the trabe
ular bone mi
rostru
ture with depi
ted de�nition of voxel

as three-dimensional pixel.

5 Digital volume 
orrelation

To 
ompare the strains in the loaded sample to the values 
al
ulated by the FE analysis similar

approa
h as the previously des
ribed image 
orrelation 
an be employed. A natural extension

of DIC to three dimensions 
an be used. This approa
h is sometimes 
alled Digital Volume

Correlation (DVC) [34, 35℄ sin
e for the 
orrelation subvolumes de�ned around the 
ontrol points

are used instead of subimages. Other 
omputational prin
iples of the method are very similar.

DVC also utilizes a sequen
e of 
onse
utive image data, here it is a parallelepiped volume of voxels

that represents the pro
ess of the obje
t translation and deformation. Correlation prin
iple used

to tra
k the movement of individual subvolumes is also based on minimization of 
ross-
orrelation
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oe�
ient. The subvolume de�ned around the 
ontrol point must 
ontain a distinguishable part

of the obje
t inner stru
ture or a random pattern. This is important for tomography of an

obje
t with sparse stru
ture. If the 
ontrol point is pla
ed in a pla
e where no material is

present, the subvolume 
an 
ontain only �ba
kground� image data, i.e. air for whi
h the X-rays

attenuation is almost zero. Then the 
ontrol subvolume 
ontains only noise originating from the

ba
kproje
tions. Therefore, pla
ing 
ontrol points in su
h a pla
e must be avoided.

This is a
hieved by spe
ial distribution of the 
ontrol points. To for
e the 
ontrol points to lie

inside (or at the boundary) of the deforming mi
rostru
ture, FE model of the mi
rostru
ture is

�rst developed and its nodes are taken as the 
ontrol points. Both tetrahedral and hexahedral

elements 
an be used.

Figure 5.1: Prin
iple of the Digital Volume Correlation. Volumetri
 subimage is de�ned in the

referen
e volume and its transformation is sought in the deformed volume.

As the 
orrelation algorithm normalized 
ross-
orrelation is used. The algorithm 
an be des
ribed

in two steps: First, displa
ement of a voxel is evaluated using normalized 
ross-
orrelation (NCC)

with result presented by an integer value. This is done using the 
oordinates (X,Y,Z) of the


entral voxel of a referen
e (undeformed) sub-volume data. The NCC 
oe�
ient is 
omputed in

the deformed image (x, y, z) data as a maximum de�ned as:

r =

x=m
∑

x=1

y=n
∑

y=1

z=o
∑

z=1

(

I0(x, y, z)− I0
) (

I1(x, y, z)− I1
)

√

√

√

√

√





x=m
∑

x=1

y=n
∑

y=1

z=o
∑

z=1

(

I0(x, y, z) − I0
)2









x=m
∑

x=1

y=n
∑

y=1

z=o
∑

z=1

(

I1(x, y, z)− I1
)2





(5.1)

where I0 is the referen
e (undeformed) subvolume and I1 is the a
tual (deformed) subvolume,

respe
tively. The mean values of the image intensities in the volumes are represented by the

overbarred symbols I0 and I1. The NCC 
oe�
ient is maximized using the steepest-gradient

method. The found maximum gives the new integer 
oordinates (x, y, z) for whi
h the best


orrelation was found. Displa
ement ve
tor is at this stage 
al
ulated with pixel a

ura
y only:

u = [u, v, w]T = [x−X, y − Y, z − Z]T (5.2)

The pixel a

ura
y is far from the requirements that one puts on the a

ura
y of the method. So
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far, the DVC was based on the 
orresponden
e between voxels in referen
e and deformed volume

only. There are two more 
hanges that may o

ur in pra
ti
al measurement data. First 
hange

is due to the nonlinear response of the X-ray dete
tor, produ
ing the image data. It means,

the ba
kground intensity 
an 
hange between the referen
e and deformed volume images and/or


ontrast may 
hange sue to the nature of the imaging devi
e. Se
ond, between the referen
e and

deformed 
on�guration, there might be not only the rigid body translation, but the subvolume

may deform in shear strain, rotation, normal strain or their 
ombinations to an irregular shape.

Cal
ulation of the subvoxel displa
ements must take these issues into 
onsideration. In our

algorithm, the integer values of the displa
ement ve
tor are in the se
ond step used as inputs

for the further subpixel evaluation using 3D extension of Lu
as-Kanade (LK) algorithm [36℄.

This step a

ounts for the deformation of the referen
e sub-volume (template). LK algorithm

is based on the minimization of the sum of squared error between the referen
e and deformed

sub-volumes:

∑

~x

[I1(W (~x, ~p)− I0(~x)]
2

(5.3)

in whi
h (W (~x, ~p) des
ribes the warp of the deformed subvolume I1 onto the referen
e (unde-

formed) subvolume I0. Minimizing 5.3 with respe
t to the ve
tor of parameters ~p LK algorithm

iteratively updates the position of the 
entral voxel of the template with sub-pixel pre
ision by

employing Gauss-Newton nonlinear optimization. NCC 
orrelation 
riterion o�ers the most ro-

bust noise-proof performan
e and insensitiveness to 
hanges in illumination (in X-ray tomography

this is represented by �u
tuations in the X-ray sour
e power) 
onditions.

The DVC method was used to 
al
ulate the displa
ements and strains in a loaded sample of

trabe
ular bone. The experiment was shortly des
ribed in se
tion 4.2. The mi
roCT images of

the undeformed sample were �rst used to develop a tetrahedral FE model. Nodal points of the

FE model were used as the 
ontrol points for DVC 
al
ulations. For ea
h of the tetrahedral

element the Green-Lagrange strain tensor was 
al
ulated using the deformation gradient tensor.

The overlaid tetrahedral mesh serves not only for the 
al
ulation of the deformation tensor, but

also for easy visualization of the ve
tor and tensor �elds and for fast and dire
t 
omparison with

results of numeri
al simulations. The numeri
al simulations 
an use the existing tetrahedral

mesh or the mesh 
an be easily re�ned/
oarsened if needed.

Example of a 
omparison between the experimentally measured strain distribution in a loaded

sample and numeri
al simulation 
an be seen in Fig. 5.2. For the DVC only a thin sli
e (700

Ö 40 Ö 1575 pixels) de�ned in the 
entral part of the volumetri
 data was sele
ted (depi
ted

with a red re
tangle). Displa
ement and strain �elds were 
al
ulated for ea
h deformation state.

Evolution of the displa
ements during the experiment 
an be easily 
ompared to values from

numeri
al simulation. Detailed information about the experimental results 
an be found in [37℄.
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Figure 5.2: Comparison between the experimental and numeri
al results � displa
ement �elds

for all the 
onsidered deformational states. From top to bottom: a) FE results, b) displa
ements


al
ulated with DVC from the image data.

6 Inverse estimation of whole bone sti�ness

6.1 Voxel and tetrahedral mi
ro-FE models

Inverse estimation of material properties (namely sti�ness and strength) of trabe
ular bone

using FE models of its mi
rostru
ture is important not only as a nondestru
tive tool for early

predi
tion of osteoporoti
 fra
ture, but 
an be su

essfully applied in other resear
h areas, e.g.

in animal models to study e�e
t of various fa
tors on bone formation. These mi
rostru
tural

FE models are used to perform a numeri
al simulation of me
hani
al experiment. Usually, the

mi
ro-FE model is subje
ted to unit load in three mutually perpendi
ular dire
tions and elasti



onstants are determined from the 'virtual experiment'. The material properties at the tissue

level are 
onsidered homogeneous and usually determined from nanoindentation [38, 39℄ or if

nanoindentation is not possible, expertly estimated.

The mi
ro-FE models assume that orthotropi
 behaviour of trabe
ular bone is given only by

the mi
rostru
tural arrangement of the trabe
ular network and at the level of single trabe
ula

the properties 
an be 
onsidered isotropi
. Re
ent studies showed slight anisotropy in elasti


properties of trabe
ular bone [40℄. In their work, mi
roindentation with depth equal to 2.5 µm

was used in six regions of interest � axial and transverse se
tions in the same trabe
ulae. In axial

dire
tion indentation modulus signi�
antly higher than in transverse dire
tion. It was 
on
luded

by the authors, that trabeluae 
an be 
onsidered (generally) transversely anisotropi
, at least in

the stru
ture of vertebral bodies. However, no other study has been published so far proving the
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Figure 6.1: Voxel model of a 
ubi
 sample of trabe
ular bone in a virtual 
ompression test. Field

of verti
al displa
ements is rendered.

general anisotropy in the indentation modulus (this is in 
ontrary to the 
ompa
t bone. Here

the anisotropy is present originating from the anisotropy of single osteon [3℄).

Nowadays, the mi
rome
hani
al FE models of trabe
ular bone mi
rostru
ture, either voxel-based

or tetrahedral are almost 
onsidered as de-fa
to standard tool for estimation of overall sti�ness

of trabe
ular bone. It has been shown, that if requirements for the resolution of the images are

met and when the tissue material properties are evaluated using nanoindentation (both dry and

wet samples have been used and su

essfully tested) the mi
ro-FE models are able to predi
t the

bone (orthotropi
) elasti
 properties with great su

ess [16℄.

6.2 Mi
ro-FE models of whole bones

With the growth of 
omputer power it is nowadays possible to solve large systems of algebrai


equations. This enables to develop very large (and/or very detailed) FE models. In early 2000s

detailed FE models of trabe
ular bone mi
rostru
ture were used for inverse determination of

their overall me
hani
al properties [41, 42℄. In these mi
rostru
tural models, tissue material

properties are usually assumed to be isotropi
 and homogeneous and are determined using either

nanoindentation [18, 19, 13℄ or from mi
rome
hani
al tests performed on individual trabe
u-

lae [43, 44, 26℄. Until the use of parallel 
omputers the mi
ro-FE models involved only small

volume of trabe
ular bone (usually 
ylindri
al 
ore samples) [45℄, and inverse estimation of the

overall sti�ness and strength of whole bones was not possible until the late 2000s [46, 47℄.

With growing availability of parallel 
omputers and parallel solvers (both iterative and dire
t)

together with advan
ement in X-ray imaging systems, parti
ularly with growing resolution of

X-ray �at panel dete
tors it has be
ome possible to develop and solve high-resolution mi
ro-FE

models of whole bones whi
h take into a

ount the real mi
rostru
ture of the trabe
ular bone.

The mi
rostru
ture must be 
aptured by these models with great pre
ision whi
h leads to FE

models with very large number of elements (about 1 million elements per 
ubi
 
m at 50 µm3

resolution). This requires to solve approximately 10

7
� 10

8
equations to perform FE analysis of

whole bone samples (e.g. vertebral bodies). It is virtually impossible to model the whole bone

using tetrahedral elements (a 
losed surfa
e is needed) and therefore voxel-based mi
rostru
tural
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FE models are used ex
lusively to 
al
ulate inversely the overall me
hani
al properties of whole

bones.

6.3 Development of the mi
ro-FE voxel model of rat vertebra

To demonstrate the possibility to use mi
ro-FE models of whole bones for estimation of their

overall sti�ness and strength a rat vertebra has been mi
rotomographi
ally s
anned. The FE

model 
apturing its mi
rostru
ture in great detail has been developed using voxel elements. For

the s
anning a mi
rofo
us X-ray sour
e together with large-area �at panel X-ray dete
tor with

resolution 2368×2240 pixels and physi
al dimensions 120×120 mm was used. S
anning sequen
e


onsisted of 360 s
ans with 0.5

◦
step.

The 
ross-se
tional image data were re
onstru
ted from the sinograms using FBP (�ltered ba
k-

proje
tion) algorithm taking the 
one-beam geometry of the s
anning setup into a

ount. Only

the vertebral body was 
onsidered in the mi
ro-FE model. Both the 
orti
al shell and internal

trabe
ular stru
ture was modelled using voxel-based approa
h. In the sti�ness 
al
ulation, both

endplates and the posterior pro
esses were also modelled using voxel elements. This simpli�es

the load appli
ation and appli
ation of boundary 
onditions. These simpli�
ations enabled dire
t


onversion from the mi
ro-CT image data to the mi
ro-FE model. Final mi
ro-FE model of the

rat vertebra, 
onsisting of more than 4 million hexahedral elements is shown in Fig. 6.2.

Figure 6.2: Cross-se
tional images (left) of the mi
ro-CT data from whi
h the voxel FE model

of the rat vertebral body was developed (right).

6.4 Inverse 
al
ulation of the vertebral body sti�ness

To 
ompute the overall sti�ness of the vertebral body in the infero-superior dire
tion a unit

displa
ement has been pres
ribed on the top surfa
e of the vertebral body. The lower surfa
e

of the body was �xed (all nodes with minimal z-
oordinate were pres
ribed zero displa
ements

in three dire
tions). Based on our previous nanoindentation results [13℄ following (tissue-level)

material properties were pres
ribed: Young's modulus of elasti
ity Etiss=15 GPa, Poisson's ratio:

µtiss=0.2. Aside the model of the vertebral body, 100Ö100Ö100 voxels were sele
ted in the middle

part for easy 
omparison of orthotropi
 elasti
 properties. Total number of nodes was 4,791,142
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with total number of unknowns larger than 14.10

6
. Prior the 
omputations, the FE model was

veri�ed for mesh 
onne
tivity.

6.5 Parallel PCG solver

The 
riti
al part of the FE 
omputation of su
h a large model is the solver. For the 
urrent mi
ro-

FE analyses of voxel models of trabe
ular bone is one level element-by-element pre
onditioned


onjugate gradient (EBE-PCG) [48℄ 
onsidered as the most frequently used solver. The solver

takes advantage of the identi
al size of every element in the voxel model (every element has

exa
tly the same sti�ness matrix) and it is very memory e�
ient (it does not assemble the

global sti�ness matrix) sin
e it requires only a matrix-ve
tor produ
t. However, due to its slow


onvergen
e and poor s
alability, this solver is e�
ient only for moderate-sized problems (under

1 million elements) and 
an be su

essfully used for the solution of small-volume samples of

trabe
ular bone. For large models of whole bones or for nonlinear material models (plasti
ity)

this solver is ine�
ient [49℄. For our 
omputations, parallel PCG solver with 1.10

−8
toleran
e

without the EBE pre
onditioning was used. More on solution and s
alability of the parallel

solver 
an be found in [50℄.

6.6 Experimental evaluation of the vertebral sti�ness

The endplates of the vertebra were �xed in a low-shrinkage epoxy resin. The vertebra was kept

frozen and prior the experiment thawed to room temperature. The spe
imen was pla
ed in our

loading devi
e. The overall strain was measured opti
ally as to ex
lude the deformation of the

epoxy resin. The experimental setup is depi
ted in Fig. 6.3.

Figure 6.3: Compression test of the L2 rat vertebra. Experimental setup (left). The spe
imen

observed with 5 MPix CCD 
amera is shown for two loading states (right). The upper and lower

endplates are �xed in low-shrinkage epoxy resin.

From the re
orded images, deformation in verti
al dire
tion was 
omputed using DIC. Two rows

of 
orrelation markers were sele
ted in the undeformed image as to ex
lude the portion of the

vertebra �xed in the epoxy resin. Deformation was also measured from the displa
ement of the
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loading platten and the in�uen
e of the epoxy resin was found approximately 10%. The overall

stress was 
omputed as the applied for
e divided by the 
ross-se
tional area. The area was


omputed using image analysis of the mid-height 
ross-se
tion. Mi
rotomographi
 image was

used for the evaluation.

Numeri
ally assessed overall sti�ness of the rat's vertebra was 
ompared to the value measured

experimentally. The results were in good agreement, however, the details ex
eed limited length

of this text, the reader is kindly asked to see [51℄.

7 Con
lusions

Presented experimental and numeri
al methods help to understand not only the relationship

between the mi
rostru
tural and ma
rostru
tural properties of trabe
ular bone, but also enable

to rigorously evaluate properties of bone substitutes and arti�
ially prepared bone. One of the

resear
h areas in whi
h presented results are already �nding their pla
e is tissue engineering.

Here it is essential to 
ompare the material properties of trabe
ular bone before and after an

orthopaedi
 therapy. This might in
lude resear
h in stem 
ell therapy, pre-
lini
al evaluation

of primary �xation of implants and other. Using the laboratory models it would be possible

to evaluate the out
ome nondestru
tively using the mi
ro-CT. With the help of the inverse

mi
ro-FE modelling it is possible to get important information not only qualitatively about

the mi
rostru
ture (stereologi
al indi
es), but also quantitative information about the material

(sti�ness, strength).

Mi
ro-CT 
an be helpful for evaluation of the safety and e�
a
y of bioarti�
ial graft materials.

An attempt to utilize mi
ro-CT to evaluate the performan
e of a s
a�old material based on a

hydroxyapatite 
ombined with human mesen
hymal stem 
ells (MSCs) in a rat model of verte-

bral body defe
ts was performed [52℄. A defe
t in the body of the L2 vertebra was prepared and

either left to spontaneous healing, implanted with augmentation material alone, or with augmen-

tation material with di�erent number of MSCs. Apart from routine histologi
al measurement

histomorphometry and mi
roCT measurements were performed to assess the performan
e of the

di�erent healing 
onditions. The ability of mi
ro-CT to visualize the newly formed bone in 3D

(for whi
h spatial measurements and 
hara
terization of the mi
rostru
ture is easy) is demon-

strated in Fig. 7.1. In the study it was 
on
luded, that MSCs 
ombined with a hydroxyapatite

s
a�old improved the repair of the vertebral bone defe
t.
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Figure 7.1: Visualization of the newly formed bone in rat model of vertebral body defe
t. First

row: 
ross-se
tional sli
es 
an be 
omputed at any lo
ation and the newly-formed bone easily

distinguished from the old one. Se
ond row: the same 
an be done in 3D using various rendering

te
hniques. Third row: the new bone 
an be properly segmented and its volume 
an be dire
tly


al
ulated.

There are also other areas where the des
ribed methods are fully appli
able. One good example is

evaluation of primary stability of orthopaedi
 or dental implants. In this resear
h, 
ombination of

time-lapse mi
ro-CT and numeri
al modelling (voxel-based mi
roFE models) would provide deep

insight into the problemati
 of implant loosening. One rapidly growing area of resear
h is fo
used

on dental implant surfa
e te
hnology, e.g. endosseous dental implant surfa
es embellished with

nanos
ale to mi
ros
ale modi�
ations to the implant's surfa
e. With mi
ro-CT measurements

performed in timeline the implant 
an be observed and its performan
e under various s
enarios


an be properly evaluated.

ACKNOWLEDGEMENTS Support of the Grant Agen
y of the Cze
h Republi
 (Resear
h

Proje
t 105/10/2305) and Grant Agen
y of the A
ademy of S
ien
es of the Cze
h Republi


(AV0Z20710524) is gratefully a
knowledged.

27



Bibliography

[1℄ J. Y. Rho, P. Zioupos, J. D. Currey, and G. M. Pharr, �Variations in the individual thi
k lamellar

properties within osteons by nanoindentation.,� Bone, vol. 25, no. 3, pp. 295 � 300, 1999.

[2℄ C. E. Ho�er, X. E. Guo, P. K. Zysset, and S. A. Goldstein, �An appli
ation of nanoindentation te
h-

nique to measure bone tissue Lamellae properties.,� Journal of Biome
hani
al Engineering, vol. 127,

no. 7, pp. 1046 � 1053, 2005.

[3℄ A. G. Reisinger, D. H. Pahr, and P. K. Zysset, �Prin
ipal sti�ness orientation and degree of anisotropy

of human osteons based on nanoindentation in three distin
t planes.,� Journal of Me
hani
al Be-

haviour of Biomedi
al Materials, vol. 4, no. 8, pp. 2113 � 2127, 2011.

[4℄ S. A. Goldstein, �The me
hani
al properties of trabe
ular bone: Dependen
e on anatomi
 lo
ation

and fun
tion.,� Journal of Biome
hani
s, vol. 20, no. 11 - 12, pp. 1055 � 1061, 1987.

[5℄ T. M. Keaveny and W. C. Hayes, �A 20-year perspe
tive on the me
hani
al properties of trabe
ular

bone.,� Journal of Biome
hani
al Engineering, vol. 115, no. 4B, pp. 534 � 542, 1993.

[6℄ C. D. Wright, E. O. Crawley, W. D. Evans, N. J. Garrahan, R. W. Mellish, P. I. Crou
her, and

J. E. Compston, �The relationship between spinal trabe
ular bone mineral 
ontent and ilia
 
rest

trabe
ular bone volume.,� Cal
i�ed Tissue International, vol. 46, no. 3, pp. 162 � 165, 1990.

[7℄ P. K. Zysset, X. E. Guo, C. E. Ho�er, K. E. Moore, and S. A. Goldstein, �Me
hani
al properties

of human trabe
ular bone lamellae quanti�ed by nanoindentation.,� Te
hnology and Health Care,

vol. 6, no. 5 - 6, pp. 429 � 432, 1998.

[8℄ J. S. Nyman, A. Roy, X. Shen, R. L. A
una, J. H. Tyler, and X. Wang, �The in�uen
e of water

removal on the strength and toughness of 
orti
al bone,� J Biome
h, vol. 39, no. 5, pp. 931�938,

2007.

[9℄ W. C. Oliver and G. M. Pharr Journal of Materials Resear
h, vol. 7, no. 6, pp. 1564 � 1583, 1992.

[10℄ G. M. Pharr, W. C. Oliver, and F. R. Brotzen, �On the generality of the relationship among 
onta
t

sti�ness, 
onta
t area, and the elasti
 modulus during indentation,� Journal of Materials Resear
h,

vol. 7, no. 3, pp. 613 � 617, 1992.

[11℄ E. J. Pavlina and C. J. V. Tyne, �Correlation of Yield Strength and Tensile Strength with Hardness

for Steels,� Journal of Materials Engineering and Performan
e, vol. 17, no. 6, pp. 888 � 893, 2008.

[12℄ C. Chen, 2-D Finite element modeling for nanoindentation and fra
ture stress analysis. PhD thesis,

University of South Florida, 2009. PhD Thesis.

[13℄ O. Jirou²ek, J. N¥me£ek, D. Kytý°, J. Kune
ký, P. Zlámal, and T. Doktor, �Nanoindentation of

Trabe
ular Bone � Comparison with Uniaxial Testing of Single Trabe
ula.,� Chemi
ké Listy, vol. 105,

no. s5, pp. 668 � 671, 2011.

28



[14℄ O. Jirou²ek, D. Kytý°, P. Zlámal, T. Doktor, J. �epitka, and J. Luke², �Use of Modulus Mapping

Te
hnique to Investigate Cross-se
tionalMaterial Properties of Extra
ted Single Human Trabe
ulae,�

Chemi
ké listy, vol. 106, no. S3, pp. 442 � 445, 2012.

[15℄ E. Verhulp, B. van Rietbergen, and R. Muller, �Indire
t determination of trabe
ular bone ef- fe
tive

tissue failure properties using mi
ro-�nite element simulations,� Journal of Biome
hani
s, vol. 41,

no. 7, pp. 1479 � 1485, 2008.

[16℄ U. Wolfram, H.-J. Wilke, and P. K. Zysset, �Valid mi
ro �nite element models of vertebral trabe
ular

bone 
an be obtained using tissue properties measured with nanoindentation under wet 
onditions.,�

J Biome
h, vol. 43, no. 9, pp. 1731 � 1737, 2010.

[17℄ J. Norman, J. G. Shapter, K. Short, L. J. Smith, and N. L. Fazzalari, �Mi
rome
hani
al properties of

human trabe
ular bone: A hierar
hi
al investigation using nanoindentation.,� Journal of Biomedi
al

Materials Resear
h Part A, vol. 87, no. 1, pp. 196 � 202, 2008.

[18℄ J.-Y. Rho, T. Y. Tsui, and G. M. Pharr, �Elasti
 properties of human 
orti
al and trabe
ular lamellar

bone measured by nanoindentation,� Biomaterials, vol. 18, no. 20, pp. 1325 � 1330, 1997.

[19℄ P. K. Zysset, X. E. Guo, C. E. Ho�er, K. E. Moore, and S. A. Goldstein, �Elasti
 modulus and

hardness of 
orti
al and trabe
ular bone lamellae measured by nanoindentation in the human femur,�

Journal of Biome
hani
s, vol. 32, no. 10, pp. 1005 � 1012, 1999.

[20℄ O. Jirou²ek, D. Kytý°, T. Doktor, J. Dammer, and F. Krej£í, �Displa
ement tra
king in single

human trabe
ula with metal-plated mi
ro-spheres using X-ray radiography imaging.,� Journal of

Instrumentation, vol. 8, no. 02, p. C02041, 2013.

[21℄ P. Zlámal, O. Jirou²ek, T. Doktor, and D. Kytý°, �Modelling Elasto-plasti
 Behaviour of Human

Single Trabe
ula - Comparison with Bending Test,� Journal of Biome
hani
s, vol. S1, no. 12, p. S479,

2012.

[22℄ A. Odgaard, �Three-dimensional methods for quanti�
ation of 
an
ellous bone ar
hite
ture,� Bone,

vol. 20, pp. 315 � 328, 1997.

[23℄ J. Day and et al., �Parallel Plate Model for Trabe
ular Bone Exhibits Volume Fra
tion-Dependent

Bias,� Bone, vol. 27, no. 5, pp. 715 � 720, 2000.

[24℄ T. Hildebrand and P. Rüegsegger, �A new method for the model-independent assessment of thi
kness

in three-dimensional images,� Journal of Mi
ros
opy, vol. 185, no. 1, pp. 67 � 75, 1997.

[25℄ D. Chappard, E. Legrand, and et al., �Measuring trabe
ular bone ar
hite
ture by image analysis of

histologi
al se
tions,� Mi
ros
opy and Analysis, vol. 13, pp. 23 � 25, 1997.

[26℄ W. E. Lorensen and H. E. Cline, �Mar
hing 
ubes: A high resolution 3d surfa
e 
onstru
tion algo-

rithm,� Computer Graphi
s, vol. 21, no. 4, pp. 163 � 169, 1987.

[27℄ S. Gosselin and C. Ollivier-Goo
h, �Constru
ting 
onstrained delaunay tetrahedralizations of vol-

umes bounded by pie
ewise smooth surfa
es,� International Journal of Computational Geometry &

Appli
ations, vol. 21, no. 05, pp. 571 � 594, 2011.

[28℄ A. Odgaard, E. B. Jensen, and H. J. Gundersen, �Estimation of stru
tural anisotropy based on

volume orientation. A new 
on
ept.,� Journal of Mi
ros
opy, vol. 162, pp. 149 � 162, 1990.

[29℄ T. P. Harrigan and R. W. Mann, �Chara
terization of mi
rostru
tural anisotropy in orthotropi


materials using a se
ond rank tensor,� Journal of Materials S
ien
e, vol. 19, pp. 761 � 767, 1984.

29



[30℄ G. Bevill, S. K. Eswaran, and et al., �In�uen
e of bone volume fra
tion and ar
hite
ture on 
omputed

large-deformation failure me
hanisms in human trabe
ular bone,� Bone, no. 39, pp. 1218 � 1225,

2006.

[31℄ A. Nazarian and R. Müller, �Time-lapsed mi
rostru
tural imaging of bone failure behavior,� Journal

of Biome
hani
s, vol. 37, no. 1, pp. 55 � 65, 2004.

[32℄ J. Jakubek, T. Holy, M. Jakubek, D. Vavrik, and Z. Vykydal, �Experimental system for high resolu-

tion x-ray transmission radiography.,� Nu
lear Instruments and Methods in Physi
s Resear
h Se
tion

A: A

elerators, Spe
trometers, Dete
tors and Asso
iated Equipment, vol. 563, no. 1, pp. 278 � 281,

2006.

[33℄ D. Vav°ík and P. Soukup, �Metal grain stru
ture resolved with table-top mi
ro-tomographi
 system,�

Journal of Instrumentation, vol. 6, no. 11, p. C11034, 2011.

[34℄ T. C. Chu, W. F. Ranson, M. A. Sutton, and W. H. Peters, �Appli
ations of digital-image-
orrelation

te
hniques to experimental me
hani
s,� Experimental Me
hani
s, vol. 25, p. 232, 1985.

[35℄ B. K. Bay, T. S. S. D. P. Fyhrie, and M. Saad, �Digital volume 
orrelation: Three-dimensional strain

mapping using X-ray tomography,� Experimental Me
hani
s, vol. 39, no. 3, pp. 217 � 226, 1999.

[36℄ B. D. Lu
as and T. Kanade, �An iterative image registration te
hnique with an appli
ation to stereo

vision,� Pro
eedings of the Image Understanding Workshop, vol. 40, pp. 121�130, 1981.

[37℄ P. Zlamal, O. Jirousek, T. Doktor, T. Fila, and D. Kytyr, �Compressive behaviour of trabe
ular tissue

- �nite element modelling and 
omparison using digital volume 
orrelation,� (Cagliari, Sardinia,

Italy), 2013. to appear.

[38℄ B. van Rietbergen, A. Odgaard, J. Kabel, and R. Huiskes, �Dire
t me
hani
s assessment of elasti


symmetries and properties of trabe
ular bone ar
hite
ture,� Journal of Biome
hani
s, vol. 29, no. 12,

pp. 1653 � 1657, 1996.

[39℄ Y. Chevalier, D. Pahr, H. Allmer, M. Charlebois, and P. Zysset, �Validation of a voxel-based FE

method for predi
tion of the uniaxial apparent modulus of human trabe
ular bone using ma
ros
opi


me
hani
al tests and nanoindentation,� Journal of Biome
hani
s, vol. 40, no. 15, pp. 3333 � 3340,

2007.

[40℄ U. Wolfram, H. Wilkea, and P. K. Zysset, �Transverse isotropi
 elasti
 properties of vertebral tra-

be
ular bone matrix measured using mi
roindentation (e�e
ts of age, gender and vertebral level),�

Bone, vol. 44, no. 12, pp. S392 � S393, 2009.

[41℄ B. V. Rietbergen, R. Muller, D. Ulri
h, P. Ruegsegger, and R. Huiskes, �Tissue stresses and strain

in trabe
ulae of a 
anine proximal femur 
an be quanti�ed from 
omputer re
onstru
tions,� Journal

of Biome
hani
s, vol. 32, no. 2, pp. 165 � 173, 1999.

[42℄ Glen L. Niebur, Mi
hael J. Feldstein, Jonathan C. Yuen, Tony J. Chen, and Tony M. Keaveny,

�High-resolution �nite element models with tissue strength asymmetry a

urately predi
t failure of

trabe
ular bone,� Journal of Biome
hani
s, vol. 33, pp. 1575�1583, De
. 2000.

[43℄ R. Jungmann, M. E. Szabo, G. S
hitter, R. Y.-S. Tang, D. Vashishth, P. K. Hansma, and P. J.

Thurner, �Lo
al strain and damage mapping in single trabe
ulae during three-point bending tests,�

Journal of the Me
hani
al Behavior of Biomedi
al Materials, vol. 4, no. 4, pp. 523 � 534, 2011.

30



[44℄ T. Doktor, O. Jirousek, D. Kytyr, P. Zlamal, and I. Jandejsek, �Real-time X-ray mi
roradiographi


imaging and image 
orrelation for lo
al strain mapping in single trabe
ula under me
hani
al load,�

Journal of Instrumentation, vol. 6, no. 11, 2011. Art.No. C11007.

[45℄ R. Muller and P. Ruegsegger, �Three-dimensional �nite element modelling of non-invasively assessed

trabe
ular bone stru
tures,� Medi
al Engineering and Physi
s, vol. 17, no. 2, pp. 126 � 133, 1995.

[46℄ J. A. Ma
Neil and S. K. Boyd, �Bone strength at the distal radius 
an be estimated from high-

resolution periph- eral quantitative 
omputed tomography and the �nite element method,� Bone,

vol. 42, no. 6, pp. 1203 � 1213, 2008.

[47℄ S. K. Eswaran, H. H. Bayraktar, M. F. Adams, A. Gupta, P. F. Ho�mann, D. C. Lee, P. Papadopou-

los, and T. M. K.-. eny, �The mi
ro-me
hani
s of 
orti
al shell removal in the human vertebral body,�

Computer Methods in Applied Me
hani
s and Engineering, vol. 196, no. 3132, pp. 3025 � 3032, 2007.

[48℄ T. J. R. Hughes, R. M. Feren
z, and J. O. Hallquist, �Large-s
ale ve
torized impli
it 
al
ulation in

solid me
hani
s on a Cray X-MP/48 utilizing EBE pre
onditioned 
onjugate gradients,� Computer

Methods in Applied Me
hani
s and Engineering, vol. 61, pp. 215 � 248, 1987.

[49℄ B. van Rietbergen, R. Huiskes, F. E
kstein, and P. Ruegsegger, �Trabe
ular bone tissue strains in

the healthy and osteoporoti
 human femur,� Journal of Bone and Mineral Resear
h, vol. 18, no. 10,

pp. 1781 � 1788, 2003.

[50℄ O. Jirou²ek, Zlámal, and P, �Large-s
ale mi
ro-�nite element simulation of 
ompressive behavior of

trabe
ular bone mi
rostru
ture,� Engineering Me
hani
s 2012, pp. 543 � 549, 2012.

[51℄ O. Jirousek, P. Zlamal, I. Jandejsek, and D. Kytyr, �Inverse estimation of rat vertebrae sti�ness

using large-s
ale mi
ro-stru
tural FE models,� (Cagliari, Sardinia, Italy), 2013. to appear.

[52℄ V. Van¥£ek, K. Klíma, A. Kohout, O. Jirou²ek, J. �tulík, and E. Syková, �Mesen
hymal stem 
ells

promote bone tissue regeneration in a pre
lini
al rat model of vertebral body defe
t,� Journal of

Tissue Engineering and Regenerative Medi
ine, vol. 6 - SI, no. Supplement - 1, 2012.

31



Do
. Ing. Ond°ej Jirou²ek, Ph.D.

Datum narození: 6.6.1974

Dosaºené vzd¥lání

� 2007 Do
., Fakulta dopravní �VUT v Praze, název habilita£ní prá
e: �Appli
ation of the

Finite Element Method for Head Injury Assessment in Tra�
 A

idents.�

� 2004 Ph.D., Fakulta stavební, �VUT v Praze, název diserta£ní prá
e: �Mathemati
al Mod-

els in Biome
hani
s Constru
ted on Basis of Data Obtained from Computer Tomography.�

� 1999 Ing., Fakulta stavební, �VUT v Praze, název diplomové prá
e: �Nap¥´ová analýza

dlahy pro artrodézu záp¥stí.�

Pozi
e

� 2008� vedou
í Odd¥lení biome
haniky, Ústav teoreti
ké a aplikované me
haniky, Akademie

v¥d �eské republiky, v.v.i.

� 2007� do
ent, Ústav me
haniky a materiálu, Fakulta dopravní, �VUT v Praze

� 1999� Laborato° biome
haniky, Ústav teoreti
ké a aplikované me
haniky, Akademie v¥d

�eské republiky, v.v.i. (od 2002 vedou
í Laborato°e biome
haniky)

Hlavní v¥de
ké aktivity

Me
hanika trabekulární kosti, zkou²ení biologi
ký
h struktur a materiál· (mikrotomogra�e vzorku

pod zatíºením v reálném £ase), opti
ké metody pro m¥°ení deforma
e, numeri
ké metody me
haniky

aplikované na biome
hani
ké problémy (metoda kone£ný
h prvk·), biome
hanika £ástí lidského

skeletu a jeho um¥lý
h náhrad.

O
en¥ní

� 2005 
ena profesora Valenty a profesora �iháka, ud¥lená �eskou spole£ností pro biome
haniku

za nejlep²í PhD prá
i

Ud¥lené granty

� P105/12/0824 � N¥me£ek, J., Jirou²ek, O.: Determination of Stru
tural and Me
hani
al

Properties of Metal Foams Using Nanoindentation, Computer tomography and Mi
rostru
-

tural FEM models (spolu°e²itel, 2012-2014, 
elkový rozpo£et 8.7M CZK)

� P105/10/2305 -Jirou²ek, O.: Morphometry and me
hani
al properties of trabe
ular bone

assessed by methods of mi
rome
hani
s and numeri
al modelling (hlavní °e²itel, 2010-2013,

budget 2.4M CZK)

� GP103/07/P483 -Jirou²ek, O.: High-resolution mi
roCT FE-models of 
an
ellous bone

stru
ture and their appli
ation to sele
ted problems in biome
hani
s (hlavní °e²itel, 2007-

2009, budget 0.7M CZK)

32



� FP6 program INNOTRACK (Development of 
ost-e�e
tive high performan
e tra
k in-

frastru
ture for heavy rail systems)(£len týmu spolu°e²itele za �VUT zodpov¥dný za £ást

numeri
kého modelování, 2007-2009, 
elkový rozpo£et 18.6M EUR, z toho rozpo£et pro

�VUT 0.5M EUR)

Publika£ní £innost, £lenství v edi£ní
h radá
h, organiza£ní
h výbore
h

� autor 18 impaktovaný
h £lánk· v mezinárodní
h v¥de
ký
h £asopise
h, 7 £lánk· v re
enzo-

vaný
h £asopise
h, 3 kapitol v zahrani£ní
h knihá
h, ví
e neº 60 v¥de
ký
h £lánk· prezen-

tovaný
h na mezinárodní
h konferen
í
h a ví
e neº 40 v¥de
ký
h £lánk· prezentovaný
h

na národní
h konferen
í
h, 2 software a 3 funk£ní
h vzork·.

� p°edseda organiza£ního výboru mezinárodní konferen
e s názvem �XIIIth Bilateral Cze
h/German

Bilateral Symposium�, Tel£, �R, 2012

� p°edseda organiza£ního výboru mezinárodní konferen
e s názvem �XIIth Bilateral Cze
h/German

Bilateral Symposium�, Bremen, N¥me
ko, 2010

� £len Edi£ní rady mezinárodní konferen
e The Eight International Conferen
e on Engineer-

ing Computational Te
hnology, Dubrovnik, Croatia, 2012

� £len Edi£ní rady mezinárodní konferen
e ECT2010: The Seventh International Conferen
e

on Engineering Computational Te
hnology, Valen
ia, Spain, 2010

� £len organiza£ního výboru mezinárodní konferen
e �XIth Bilateral Cze
h/German Bilateral

Symposium�, Libli
e, �R, 2008

� £len organiza£ního výboru mezinárodní konferen
e �IXth Bilateral Cze
h/German Bilateral

Symposium�, Tábor, �R, 2004

� editor �Experimental Stress Analysis Conferen
e Pro
eedings�, Tábor, Cze
h Republi
,

2001

� £len �eské spole£nosti pro me
haniku

� £len Mezinárodní spole£nosti pro biome
haniku (International So
iety for Biome
hani
s)

� £len Evropské spole£nosti pro biome
haniku (European So
iety for Biome
hani
s)

Deset vybraný
h nejvýznamn¥j²í
h publika
í:

1. Jirou²ek, O. (2012). Nanoindentation of Human Trabe
ular Bone � Tissue Me
hani
al Prop-

erties Compared to Standard Engineering Test Methods. In: Nanoindentation in Materials

S
ien
e (pp. 259�284). InTe
h Publishing. (kapitola v knize)

33



2. Van¥£ek, V., Klíma, K., Kohout, A., Jirou²ek, O., �tulík, J., Syková, E. Mesen
hymal stem


ells promote bone tissue regeneration in a pre
lini
al rat model of vertebral body defe
t,

Journal of Tissue Engineering and Regenerative Medi
ine, 6(SI) Supplement: 1, 2012. IF

3.278

3. Doktor, T., Jirou²ek, O., Kytý°, D., Zlámal, P., Jandejsek, I. Real-time X-ray mi
roradio-

graphi
 imaging and image 
orrelation for lo
al strain mapping in single trabe
ula under

me
hani
al load (2011) Journal of Instrumentation, 6 (11), art. no. C11007. IF 1.869

4. Jirou²ek, O., Zlámal, P., Kytý°, D., Kroupa, M. Strain analysis of trabe
ular bone using

time-resolved X-ray mi
rotomography (2011) Nu
lear Instruments and Methods in Physi
s

Resear
h, Se
tion A: A

elerators, Spe
trometers, Dete
tors and Asso
iated Equipment,

633 (SUPPL. 1), pp. S148-S151. IF 1.207

5. Jirou²ek, O., Jandejsek, I., Vav°ík, D. Evaluation of strain �eld in mi
rostru
tures using

mi
ro-CT and digital volume 
orrelation (2011) Journal of Instrumentation, 6 (1), art. no.

C01039. IF 1.869

6. Kytý°, D., Jirou²ek, O., Dammer, J. High resolution X-ray imaging of bone-implant in-

terfa
e by large area �at-panel dete
tor (2011) Journal of Instrumentation, 6 (1), art. no.

C01038. IF 1.869

7. Jirou²ek, O., Doktor, T., Kytý°, D., & Zlámal, P. (2012). X-ray Radiography of Three-Point

Bending of Single Human Trabe
ula. Journal of Biome
hani
s, 45(S1), S261. IF 2.434

8. Zlámal, P., Jirou²ek, O., Doktor, T., & Kytý°, D. (2012). Modelling Elasto-plasti
 Be-

haviour of Human Single Trabe
ula � Comparison with Bending Test. Journal of Biome-


hani
s, 45(S1), S479. IF 2.434

9. Vav°ík, D., Dammer, J., Jak·bek, J., Jeon, I., Jirou²ek, O., Kroupa, M., & Zlámal, P.

(2011). Advan
ed X-ray radiography and tomography in several engineering appli
ations.

Nu
lear Instruments and Methods in Physi
s Resear
h Se
tion A: A

elerators, Spe
trom-

eters, Dete
tors and Asso
iated Equipment, 633, S152�S155. IF 1.207

10. Jirou²ek, O., Zlámal, P., Kytý°, D., & Kroupa, M. (2010). Strain analysis of trabe
ular bone

using time-resolved X-ray mi
rotomography. Nu
lear Instruments and Methods in Physi
s

Resear
h Se
tion A: A

elerators, Spe
trometers, Dete
tors and Asso
iated Equipment IF

1.207

34


