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Introduction 

 





Chapter 1. State of Art  

1.1 Introduction 



1.2 Anatomy 

1.2.1 Anatomical Planes 

Figure 1-1 .                                              
Ilustrations: Jordi March i Nogué & Blausen.com staff: "Blausen gallery 2014" 

1.2.2 The Bones 

“Every change in the form and the function of a bone or in the function of the bone alone, leads 

to changes in its internal architecture and in its external form” . 



Figure 1-2 Ilustration: Pearson Education, Inc., publishing as Pearson Benjamin Cummings

1.2.3 The Radius 



Figure 1-3 Illustration: Gray’s anatomy for students, 2nd Edition

Figure 1-4 Illustration: Gray’s anatomy for student, 2nd Edition. 



Figure 1-5  : Illustration: Gray’s anatomy for student, 2nd Edition. 

1.3 Epidemiology of Fragility fractures 



1.4 Bone fragility estimation in clinics 

1.4.1 Dual-energy x-ray absorptiometry 



Terminology T-score definition 
Normal T  -1.0 

Osteopenia -2.5 < T < -1.0 

Osteoporosis T  -2.5 

Established osteoporosis T  -2.5 
with presence of one or more fragility fracture 

Table 1-1

Equation 1-1



Figure 1-6 Renée Newman, ‘avoidboneloss.com’ 

1.4.2 Computed tomography scan 



Figure 1-7
Acquisition from the manufacturer – ‘healthcare.philips.com’

1.4.3 The High Resolution peripheral Quantitative Computed 

Tomography 



Figure 1-8

Figure 1-9

In vivo



  

1.4.4 The FRAX 



Figure 1-10

1.4.5 Distal radius fractures description and classification 

Colles’ fracture:

Smith’s fracture:



Barton’s fracture:

Chauffeur’s fracture:

Die-punch fracture:



Table 1-2

1.5 Bone fragility estimation in research 

1.5.1 Mechanical Definitions 

Stress

Strain

Young’s modulus



strength

Poisson ratio

Figure 1-11 Illustration: van Rietbergen, CISM summer course 2013. 

failure load 

1.5.2 Bone Imaging 

grey levels 



Equation 1-2

Phantom



Figure 1-12

Hounsfield scale

Equation 1-3

1.5.3 Topology and Material properties 







1.5.4 Material law assumptions 

Figure 1-13



1.5.5 Meshing options 



1.5.6 Risk of fracture definition 

Equation 1-4

1.5.7 Failure criteria 





Figure 1-14



Figure 1-15

Equation 1-5



1.6 Discussion: Selection of the loading conditions 



Figure 1-16



Figure 1-17

1.7 Conclusions and aims 



Aim 1: 

 

Aim 2: 

 

Aim 3: 

 

 



Chapter 2. Experimental protocol to reproduce a forward fall leading to 

fractured and non-fractured radii 

2.1 Introduction  

2.2 Methods 

1)

2)



Figure 2-1



Figure 2-2

Figure 2-3



Figure 2-4

Figure 2-5



Figure 2-6



Figure 2-7

Figure 2-8



2.3 Results 

2.3.1 Maximum Forces from the experiment 



Figure 2-9



Figure 2-10



Figure 2-11
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Figure 2-12

Sample 
Maximum 
Force (N) 

Test 1 
Fx T1 

Maximum 
Force (N) 

Test 2 

Fx 
T2 

Maximum 
Force (N) 

Test 3 

Fx 
T3 

No 
Fx 

Type of 
Fracture 

013_2010 849 Yes Proximal 
024_2011 2971 Yes Colles 
056_2010 4203 3419 Yes Colles 
057_2010 2182 Yes Barton 
067_2010 4178 5986 4656 Yes 
090_2012 3990 3817 Yes Barton 
121_2010 2927 Yes Complex 
138_2011 3674 4180 3720 Yes 
154_2012 3925 2825 Yes Barton 
161_2012 2206 1592 1186 Yes 
166_2012 2478 1623 1793 Yes 
203_2012 2697 1421 723 Yes 
204_2012 1965 Yes Colles 
206_2010 4344 3465 2216 Yes 
211_2010 2903 Yes Barton 
213_2009 3486 2953 Yes Barton 
214_2009 1777 Yes Proximal 



215_2009 5818 4759 Yes Colles 
224_2009 1692 1341 1250 Yes 
225_2009 2936 2616 2625 Yes Colles 
229_2009 1629 Yes Colles 
230_2009 6265 4234 Yes Barton 
232_2009 2634 Yes Barton 
233_2009 2178 1640 1898 Yes 
234_2010 2381 Yes Barton 
239_2010 1176 Yes Colles 
243_2010 2055 Yes Complex 
244_2010 3825 Yes Barton 
246_2010 1625 Yes Colles 
250_2010 3929 3137 2197 Yes 
Average 
Force ± 
SD (N) 

2963  
± 1003  3063  

± 1062  2226  
± 864    

Table 2-1 n n

2.3.2 Fracture cases and type of fractures 

Figure 2-13

0
2
4
6
8

10
12
14
16

Fractured
on test 1

Fractured
on test 2

Fractured
on test 3

Never
fractured

Number of fracture cases 

46.67% 

20.00% 

3.33% 

30.00% 

Fracture cases 

Fractured on test 1 Fractured on test 2

Fractured on test 3 Never fractured



Figure 2-14

2.3.3 Strain analysis 



Figure 2-15

2.4 Discussion 



Figure 2-16 



2.5 Conclusions 



Chapter 3. Numerical study: effect of the loading direction 

3.1 Introduction 

3.2 Methods and results 



Figure 3-1

Sample Age Sex Bone Mineral Density 
(BMD) 

T SCORE 
UD Evaluation 

250-2010 80 F 0.52 2.02 Normal 
233-2009 79 F 0.50 1.44 Normal 
211-2010 80 M 0.50 -0.16 Normal 
213-2009 76 F 0.41 -0.43 Normal 
166-2012 56 F 0.41 -0.44 Normal 
154-2012 50 F 0.41 -0.50 Normal 
244-2010 83 M 0.48 -0.55 Normal 
206-2010 67 M 0.44 -1.10 Osteopenia 
067-2010 75 M 0.44 -1.12 Osteopenia 

230-2009 88 M 0.44 -1.13 Osteopenia 

234-2010 95 F 0.38 -1.14 Osteopenia 



215-2009 79 M 0.44 -1.16 Osteopenia 

090-2012 89 M 0.44 -1.20 Osteopenia 

245-2010 78 M 0.42 -1.41 Osteopenia 

138-2011 77 M 0.42 -1.45 Osteopenia 

161-2012 76 M 0.41 -1.68 Osteopenia 

056-2010 74 M 0.40 -1.71 Osteopenia 

225-2009 94 M 0.40 -1.84 Osteopenia 

240-2010 68 F 0.33 -2.25 Osteopenia 

024-2011 65 M 0.34 -2.69 Osteoporotic 
121-2010 66 M 0.32 -2.98 Osteoporotic 
204-2012 57 F 0.30 -2.99 Osteoporotic 
229-2009 85 F 0.30 -3.00 Osteoporotic 
232-2009 86 F 0.30 -3.01 Osteoporotic 
203-2012 91 F 0.29 -3.24 Osteoporotic 
243-2010 87 F 0.28 -3.32 Osteoporotic 
224-2009 98 F 0.28 -3.36 Osteoporotic 
057-2010 96 F 0.25 -3.94 Osteoporotic 
246-2010 73 F 0.22 -4.61 Osteoporotic 
214-2009 88 F 0.21 -4.88 Osteoporotic 
013-2010 74 F 0.19 -5.45 Osteoporotic 
239-2010 95 F 0.16 -6.14 Osteoporotic 

Table 3-1



Figure 3-2

Figure 3-3



Figure 3-4



Figure 3-5

3.2.1 Validation Study 



Equation 3-1

Figure 3-6





Figure 3-7

 Axial Failure Load (N) 
ABAQUS 

Axial Failure Load (N) 
SCANCO 

 1490 1406 
 2510 2506 
 2337 2139 
 1942 1836 
 2441 2341 
 2362 2295 
 3162 3083 
 3266 3160 



 3944 3919 
 5834 6104 
 3443 3464 
 6211 6507 

Average ± SD 3245 ± 1465 3230 ± 1601 
Table 3-2

Figure 3-8



3.2.2 Effect of the loading direction 

3.2.2.1 Comparison: Axial vs non-axial 

Figure 3-9

Sample Age Sex Failure Load (N) - 
Axial 

Failure Load (N) - non-axial 
(45°) 

Percentage of difference between 
axial and non-axial load (%) 

154-2012 50 F 3162 2430 23.1 
166-2012 56 F 3266 2527 22.6 
213-2009 76 F 3944 3016 23.5 
244-2010 83 M 4641 3674 20.8 
211-2010 80 M 5303 4530 14.6 
233-2009 79 F 5834 4948 15.2 
250-2010 80 F 6211 5145 17.2 
240-2010 68 F 2764 2172 21.4 
056-2010 74 M 3320 2701 18.6 
234-2010 95 F 3443 2738 20.5 
138-2011 77 M 4036 3102 23.1 



225-2009 94 M 4071 3441 15.5 
161-2012 76 M 4157 3508 15.6 
090-2012 89 M 4456 3695 17.1 
230-2009 88 M 4560 3629 20.4 
206-2010 67 M 4570 3520 23.0 
245-2010 78 M 4695 4056 13.6 
067-2010 75 M 5055 4048 19.9 
215-2009 79 M 5241 4486 14.4 
239-2010 95 F 1390 1130 18.7 
013-2010 74 F 1490 1172 21.3 
214-2009 88 F 1942 1502 22.7 
246-2010 73 F 2131 1657 22.3 
243-2010 87 F 2250 1924 14.5 
224-2009 98 F 2326 1904 18.1 
204-2012 57 F 2337 1699 27.3 
232-2009 86 F 2362 1883 20.3 
229-2009 85 F 2441 1945 20.3 
203-2012 91 F 2447 2003 18.1 
121-2010 66 M 2462 2010 18.4 
057-2010 96 F 2510 2004 20.2 
024-2011 65 M 2750 2088 24.1 

Average ± SD 3486 ± 1303 2821 ± 1117 19.6 ± 3.3 

Table 3-3



  n Failure Load (N) 
Axial ± SD (N) Failure Load (N) 

Non-axial (-45°) ± SD (N) WILCOXON 
paired test 

 Normal 7 4623 ± 1217 3753 ± 1138 p=0.018 

 Osteopenia 12 4197 ± 729 3425 ± 655 p=0.002 

 Osteoporotic 13 2218 ± 395 1763 ± 317 p=0.001 

TOTAL  32 3486 ± 1303 2821 ± 1117 p<0.001 

Table 3-4

Figure 3-10

3.2.2.2 Comparison of several non-axial fall related loadings 



Figure 3-11



Figure 3-12



Figure 3-13

3.2.3 Discrimination of the groups 

  Average   
  fractured non-fractured P - value 

DXA Area (Ultra distal) (cm2) 3.79 4.12 0.052 
DXA BMD (UD) (g/cm2) 0.30 0.42 0.001 

YZ Failure Load (N) 2140 3381 0.001 



30° Failure Load (N) 2481 3789 0.001 

45° Failure Load (N) 2660 4111 0.001 
60° Failure Load (N) 2747 4245 0.001 

75° Failure Load (N) 2743 4254 0.001 

Axial Failure Load (N) 2675 4166 0.001 

Table 3-5 

3.2.4 Accuracy of the models  

Numerical Model Axial 
(=90°) 75° 60° 45° 30° ‘YZ’ 

SEE (N) 532 521 512 508 503 559 

Table 3-6

3.2.5 Correlations between model and experiment 



Figure 3-14

3.2.6 Assessment of the risk of fracture  



Table 3-7

3.2.7 Assessment of a criterion 

Sample AGE SEX
Experimental 
Maxium Force 

(N)

Numerical 
Failure Load - 

Axial (N)

Numerical 
Failure Load - 

75° (N)

Numerical 
Failure Load - 

60° (N)

Numerical 
Failure Load - 

45° (N)

Numerical 
Failure Load - 

30° (N)

Numerical 
Failure Load - 

'YZ' (N)

  
axial

  
75°

 
60°

 
45°

 
30°

 
'YZ'

013-2010 74 F 8.490E+02 1.490E+03 1.524E+03 1.524E+03 1.488E+03 1.406E+03 1.172E+03
239-2010 95 F 1.176E+03 1.390E+03 1.416E+03 1.404E+03 1.348E+03 1.236E+03 1.130E+03 Yes
246-2010 73 F 1.625E+03 2.131E+03 2.179E+03 2.162E+03 2.073E+03 1.895E+03 1.657E+03
214-2009 88 F 1.777E+03 1.942E+03 2.011E+03 2.023E+03 1.961E+03 1.819E+03 1.502E+03 Yes
204-2012 57 F 1.965E+03 2.337E+03 2.462E+03 2.537E+03 2.506E+03 2.357E+03 1.699E+03 Yes
243-2010 87 F 2.055E+03 2.250E+03 2.276E+03 2.265E+03 2.207E+03 2.085E+03 1.924E+03 Yes
057-2010 96 F 2.182E+03 2.510E+03 2.564E+03 2.560E+03 2.476E+03 2.303E+03 2.004E+03 Yes
234-2010 95 F 2.381E+03 3.443E+03 3.533E+03 3.549E+03 3.464E+03 3.248E+03 2.738E+03
232-2009 86 F 2.634E+03 2.362E+03 2.409E+03 2.389E+03 2.295E+03 2.120E+03 1.883E+03 Yes Yes Yes Yes Yes Yes
211-2010 80 M 2.903E+03 5.303E+03 5.339E+03 5.254E+03 4.998E+03 4.613E+03 4.530E+03
121-2010 66 M 2.927E+03 2.462E+03 2.519E+03 2.515E+03 2.380E+03 2.218E+03 2.010E+03 Yes Yes Yes Yes Yes Yes
024-2011 65 M 2.971E+03 2.750E+03 2.881E+03 2.945E+03 2.890E+03 2.687E+03 2.088E+03 Yes Yes Yes Yes Yes Yes
229-2009 85 F 1.629E+03 2.441E+03 2.504E+03 2.500E+03 2.409E+03 2.231E+03 1.945E+03
244-2010 83 M 3.825E+03 4.641E+03 4.790E+03 4.830E+03 4.742E+03 4.518E+03 3.674E+03 Yes
161-2012 76 M 2.206E+03 4.157E+03 4.218E+03 4.222E+03 4.154E+03 4.001E+03 3.508E+03
166-2012 56 F 2.478E+03 3.266E+03 3.407E+03 3.486E+03 3.464E+03 3.298E+03 2.527E+03
203-2012 91 F 2.697E+03 2.447E+03 2.455E+03 2.397E+03 2.280E+03 2.128E+03 2.003E+03 Yes Yes Yes Yes Yes Yes
206-2010 67 M 4.344E+03 4.570E+03 4.702E+03 4.685E+03 4.488E+03 4.125E+03 3.520E+03 Yes Yes
213-2009 76 F 3.486E+03 3.944E+03 4.116E+03 4.178E+03 4.083E+03 3.782E+03 3.016E+03 Yes
138-2011 77 M 3.674E+03 4.036E+03 4.226E+03 4.323E+03 4.269E+03 3.102E+03 3.102E+03 Yes Yes
224-2009 98 F 1.692E+03 2.326E+03 2.369E+03 2.362E+03 2.293E+03 2.150E+03 1.904E+03
225-2009 94 M 2.936E+03 4.071E+03 4.111E+03 4.066E+03 3.918E+03 3.647E+03 3.441E+03
154-2012 50 F 3.925E+03 3.162E+03 3.273E+03 3.295E+03 3.196E+03 2.988E+03 2.430E+03 Yes Yes Yes Yes Yes Yes
250-2010 80 F 3.929E+03 6.211E+03 6.291E+03 6.236E+03 6.020E+03 5.624E+03 5.145E+03
233-2009 79 F 2.178E+03 5.834E+03 5.857E+03 5.747E+03 5.461E+03 5.035E+03 4.948E+03
090-2012 89 M 3.990E+03 4.456E+03 4.500E+03 4.443E+03 4.260E+03 3.968E+03 3.695E+03 Yes Yes
067-2010 75 M 4.178E+03 5.055E+03 5.171E+03 5.162E+03 4.985E+03 4.613E+03 4.048E+03 Yes
056-2010 74 M 4.203E+03 3.320E+03 3.406E+03 3.426E+03 3.361E+03 3.208E+03 2.701E+03 Yes Yes Yes Yes Yes Yes
215-2009 79 M 5.818E+03 5.241E+03 5.233E+03 5.082E+03 4.749E+03 4.320E+03 4.486E+03 Yes Yes Yes Yes Yes Yes
230-2009 88 M 6.265E+03 4.560E+03 4.727E+03 4.813E+03 4.798E+03 4.630E+03 3.629E+03 Yes Yes Yes Yes Yes Yes



Figure 3-15



Figure 3-16

  % of detection 

  fractured non-fractured 
BMD DXA 42.96 87.5 

Axial Failure Load 78.6 87.5 
75° Failure Load 78.6 87.5 
60° Failure Load 78.6 87.5 
45° Failure Load 78.6 87.5 
30° Failure Load 78.6 87.5 
YZ Failure Load 78.6 87.5 



  axial 21.4 68.7 
  75° 21.4 68.7 
 60° 21.4 68.7 
 45° 21.4 68.7 
 30° 21.4 50.0 
 'YZ' 64.2 37.50 

Table 3-8

3.3 Discussion 

We obtained statistically significant differences between the fractured and non-fractured groups 

using the BMD and all the numerical models. 



3.4 Conclusions 

 



Chapter 4. Finite element model reproducing an ex-vivo forward fall on 

the distal radius. 

4.1 Introduction 



4.2 Methods and results 



Figure 4-1



Figure 4-2

Table 4-1



Figure 4-3

250_2010 154_2012 215_2009 024_2011 243_2010 239_2010 

Bone 
Equivalent 

(HU) 

868.422 669.793 800.402 873.509 841.008 824.003 
865.098 665.507 779.925 873.515 829.545 798.852 
862.664 662.086 791.358 875.669 852.257 794.216 
870.741 676.823 789.559 882.176 872.824 789.988 

Total Average  808.747 ± 72.369 

Water 
Equivalent 

(HU) 

401.455 111.588 295.931 332.217 365.576 294.386 
385.612 113.057 274.106 336.837 347.935 287.775 
378.681 136.318 276.672 340.794 328.931 280.418 
389.389 133.366 290.807 343.230 325.324 279.926 

Total Average 293.763 ± 86.528 

Table 4-2



 
Gray level (HU + 1000) Theoretical density  

(mg HA/cm3) 
Equivalent Bone 1809 200 

Equivalent water 1294 0 

Table 4-3

Figure 4-4



(Duchemin et al. 2008)   – Young’s Modulus 

– Hydroxyapatite density  (Morgan et al. 2003)  

Equation 4-1



Figure 4-5



Figure 4-6

Segment Model Whole distal radius Model 

Numerical 
Model 
(n=14) 

Axial 
(=90°) 75° 60° 45° 30° ‘YZ’ with properties 

from Duchemin 
with properties 
from Morgan  

SEE (N) 532 522 512 508 503 559 432 400 

Table 4-4



Colles’ Fractures 

 

Barton Fractures 

 
024_2011 057_2010

204_2012 211_2010

229_2009 232_2009



239_2010 234_2010

246_2010 244_2010

Figure 4-7



4.3 Discussion 



4.4 Conclusion 



 

 



General Conclusion 
worldwide health problem. The standard method used in clinics to 

assess bone fragility uses bone density measurements by Dual X-ray absorptiometry (DXA). 

However this technique has shown limitations to predict the risk of fracture (Siris et al. 2001). 

The analysis of the bone fragility by micro-finite elements models ( FEM), created from High 

Resolution peripheral Quantitative Computed Tomography (HR-pQCT) is a promising method. 

The efficiency of this method has been probed to measure bone strength in vivo. However, it 

cannot be confirmed that the risk of fracture can be better assessed using FEM than the classical 

density measurements by DXA (Rietbergen & Ito 2015).  

FEM is the static-axial loading. In this thesis, the 

assumption is that 

. 

The realistic condition considered was the forward fall, because it represents the most common 

case of fracture of the distal radius. Under this condition, 

.  

Experimental study: In the first phase we developed an 

Segment model:



The accuracy of the model was measured using the Standard Error of Estimation (SEE). 

  



Perspectives:
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Chapitre 1 : Contexte de l’étude 



 

Figure 0-1



Figure 0-2



Objectif 1: 

Objectif 2: 
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Chapitre 2 : Protocole expérimental afin de reproduire une chute vers l'avant 

sur radius humain 



Os 
Effort 

Maximal 
(N) Test 1 

Fx 
T1 

Effort 
Maximal 
(N) Test 2 

Fx 
T2 

Effort 
Maximal 
(N) Test 3 

Fx 
T3 

Non 
Fx 

Type de 
Fracture 

013_2010 849 Oui Proximale 
024_2011 2971 Oui Colles 
056_2010 4203 3419 Oui Colles 
057_2010 2182 Oui Barton 
067_2010 4178 5986 4656 Oui 
090_2012 3990 3817 Oui Barton 
121_2010 2927 Oui Complex 
138_2011 3674 4180 3720 Oui 
154_2012 3925 2825 Oui Barton 
161_2012 2206 1592 1186 Oui 
166_2012 2478 1623 1793 Oui 
203_2012 2697 1421 723 Oui 
204_2012 1965 Oui Colles 
206_2010 4344 3465 2216 Oui 
211_2010 2903 Oui Barton 
213_2009 3486 2953 Oui Barton 
214_2009 1777 Oui Proximale 
215_2009 5818 4759 Oui Colles 
224_2009 1692 1341 1250 Oui 
225_2009 2936 2616 2625 Oui Colles 
229_2009 1629 Oui Colles 
230_2009 6265 4234 Oui Barton 
232_2009 2634 Oui Barton 
233_2009 2178 1640 1898 Oui 
234_2010 2381 Oui Barton 
239_2010 1176 Oui Colles 
243_2010 2055 Oui Complèxe 
244_2010 3825 Oui Barton 
246_2010 1625 Oui Colles 
250_2010 3929 3137 2197 Oui 
Moyenne 
± SD (N) 

2963  
± 1003  3063  

± 1062  2226  
± 864    

Table 0-1



Figure 0-3
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Figure 0-4



Figure 0-5 



 



Chapitre 3 : Etude numérique: effet de la direction de chargement sur segment 





Figure 0-6



Figure 0-7





Chapitre 4 : Modèle  éléments finis reproduisant une chute en avant sur radius 

distal ex vivo 



Model segment Modèle distale entière de radius  

Model 
numérique 

(n=14) 

Axial 
(=90°) 75° 60° 45° 30° ‘YZ’ Avec propriétés 

Duchemin 
Avec propriétés 

from Morgan  

SEE (N) 532 522 512 508 503 559 432 400 

Table 0-2



Fractures Colles’ 

 

Fractures Barton 

 
024_2011 057_2010

204_2012 211_2010

229_2009 232_2009



239_2010 234_2010

246_2010 244_2010

Figure 0-8







 



Conclusion générale 

Etude expérimentale:



Modèle de segment

Modèle du radius distal entier
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