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ABSTRACT 

Human bone becomes increasingly brittle with ageing. Bones also fracture differently under slow and fast loadings, being ductile 

and brittle, respectively. The effects of a combination of these two factors have never been examined before. Here we show that 

cortical bone is most fracture-resistant at the physiologically prevalent intermediate strain rates of 10-3 s-1 to 10-2 s-1 such as they 

occur in walking or running, slightly weaker at slower quasistatic and much weaker at fast impact loading rates. In young cortical 

bone (15 years of age) the ductile-to-brittle transition (DBT) occurs at strain rates of 10-2 s-1, in old cortical bone (85 yrs) at speeds 

lower by a factor of 10 to 40. Other research has shown that the energy required to break bone (per unit of fracture surface) drops 

as much as 60% between these two ages. Therefore, DBT seems to compound the well-known phenomenon of ‘brittle old bones’. 
Old bones can only cope with slow movement, young ones with both slow and fast movement. These observed material 

characteristics of (i) a shift of the DBT and (ii) a reduced energy absorption capacity appear to contribute at least as much to the 

loss of bone quality as the various quantity based (lowered bone density and mineral content) explanations of the past. They also 

provide a new powerful paradigm, which allows us to demonstrate mechanically, and uniquely, how human bone becomes 

increasingly brittle with age. 
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1. Introduction 

The frequency of fractures (hip, spine, and wrist) 

increases dramatically with age [1]. This is an acute 

public health problem and will be even more so because 

of the increasing life expectancy of the population 

resulting, for instance, in an increase in hip fractures by 

a factor of seven by 2050 [2]. The increased 

vulnerability could be due to a number of factors some 

of which, like the deteriorating reflexes of the elderly 

and the reduced proprioceptive ability leading perhaps 

to more frequent falls, spring to mind easily (Fig.1). 

However, when the incidents are normalised for the 

number of accidental falls the elderly show that they 

break bones more frequently than the young and this 

then clearly is due to some kind of deterioration in bone 

quality [3,4] too. However, what should be taken as a 

measure of bone quality is not immediately clear. Bone 

conditions like osteoporosis (OP), define the problem in 

terms of reduced bone density, but this only explains 

about 70-80% of the variability in the fracture data 

[1,3]. Changes in the mineral phase of OP bone [4] and 

remedial action to affect its remodelling cycles [5] go 

some way towards describing the cause of the problem 

but do not explain what is at the root of it and how best to quantify ‘quality’ in mechanical performance.  
People who show no specific bone disease show a 

dramatic 60% decrease in the energy absorbing 

capacity of bone tissue in the years following skeletal 

maturity [6], but the problem is that the vast majority of 

such data in literature of bone property changes refers 

to tests carried out in quasistatic loading [3,6] or in 

impact [6,7], but rarely alongside each other or over a 

wider strain range. In life bone continuously remodels 

itself and keeps on changing as material. It also breaks 

either in impact or following the fast propagation of 

crack initiated by fatigue. Meanwhile in different parts 

of the skeleton bones experience a wide range of strain 

rates. On one end of the spectrum, quasistatic rates of 
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about 10-4 s-1 occur when we carry shopping bags, turn 

over in sleep, squat, or raise ourselves from a sitting 

position. At the other end, much faster rates up to 10 s-1 

and beyond, are experienced in falls, or in accidental 

shock impact like in car accidents, which have attracted 

attention in recent biomechanics research [8,9]. 

Between the two strain rate extremes on a daily basis, 

we expose our bones to physiological strain rates 

between 10-3 and 10-2 s-1 as in the tibia when we walk or 

jump [10]; in the skull and the mandible when we 

masticate [11]. So far, all biomechanical experiments on 

bone have been performed only at low or fast extremes 

and rarely throughout the full range with emphasis on 

the physiologically relevant rates. The energy to 

fracture has been shown to decrease from 4 kJ m-2 by 

60% between 35-92 yrs of age at quasistatic loading; 

while in impact rates decreased from 2 kJ m-2 down by 

10% in notched specimens and from 12 kJ m-2 down by 

33% in un-notched specimens, over the same age range 

[6,12]. These values are of relatively little value for the 

management of fractures as few people break a bone 

during sleep or carrying a shopping bag (creep rupture 

conditions) and almost everyone fractures one in a car 

crash [13]. What happens in the intermediate rates is 

what matters. Strain rate is not only of medical, but also 

of physical importance. Animal bone, be it bovine 

femoral [14], porcine mandibular [15], bovine tibial [16] 

or equine metacarpal [17] shows strong strain rates 

effects like many industrial materials [18]. At low rates 

fracture is ductile and the energy under the 

stress/strain curve increase with strain rate; as strain 

rate increases further fracture becomes brittle and the 

energy absorbed reduces [17,19]. Strong indications 

that bone has reduced toughness at higher strain rates 

have appeared in some computational and experimental 

studies [20,21,22, 23].  

We have conducted in the past tests on specimens of 

human femoral cortical bone at a single age loaded in 

tension [19] at strain rates ranging from low (0.08 s-1) 

to high (18 s-1). Across this strain rate range the 

modulus of elasticity generally increased, stress at yield 

and failure and strain at failure decreased for rates 

higher than 1 s-1, while strain at yield was invariant for 

most strain rates and only decreased at rates higher 

than 10 s-1. The results showed that strain rate has a 

strong effect on post-yield deformation, i.e. the capacity 

or bone for plasticity and ductility. Specimens loaded at 

high strain rates were brittle, while those loaded at low 

strain rates were much tougher. Post-test examination 

of the microcracking damage that ensued during the 

tests revealed that the amount of microcracking was 

inversely related to the strain rate [24]. Specimens 

loaded at low strain rates showed considerable post-

yield strain and also much more microcracking. Partial 

correlation and regression analysis suggested that the 

development of post-yield strain was a function of the 

amount of microcracking incurred (the cause), rather 

than being a direct result of the strain rate (the 

excitation); the reason being that low strain rates 

allowed time for microcracking to develop, which 

increased the compliance of the specimens, making 

them tougher. These results showed that the degree to 

which bone is brittle or tough depends on the amount of 

microcracking damage it is able to sustain, or in other 

words its ability to avoid a ductile-to-brittle transition 

for as long as possible during the deformation. The 

combination of microcracking damage studies and toughness measurements showed that the key to bone’s 
brittleness is whether or not there is a strain- and 

damage-localisation early on in the loading process, 

which leads to low post-yield strains and low-energy 

absorption to failure. 

The combination of observing the ensuing 

microcracking damage, its localisation and the 

concomitant end result (brittleness) makes then the 

basic reason for this ductile-to-brittle transition (DBT) 

physically clearer. At small speeds of deformation 

plasticity, which is rate-dependent, either because it 

requires mass transport or because of viscoelastic 

dissipation of peak stresses, is fast enough to screen the elastic field around a crack and the ‘plastic’ zone 
toughens the material. At high loading rates plasticity 

cannot keep up and the elastic fields prevail, leading to 

brittle fracture. Bone with its hierarchical structure [25] 

allows for multiple toughening mechanisms either 

before or after the creation of a major crack [26] by 

means of viscoelastic flow, microcracking, crack 

bridging and crack deflection [27]. In human femoral 

bone, so far only the decrease of strength with strain 

rate at medium to high stain rates has been reported, 

but this has not been described as a function of the age 

of the individual [19] and the increase of toughness with 

the strain rate at the slow side has not been ascertained. 

Human data on a surmised DBT behaviour is still lacking 

and animal studies, which dominate the biomechanics 

field, are not appropriate for drawing conclusion on age 

effects that may affect human tissue. 

It appears that the combined effects of ageing and strain 

rate have never been examined before although they 

promise to be particularly relevant for medical and 

epidemiological purposes. Arguably, bone in-vivo is 

mechanically subjected to bending, tension, and 

compression and might respond differently to these 

loadings in terms of stiffness and strength. However, the 

most valid and probably the most clinically relevant 

parameter to express its resistance to fracture is the energy absorption (what we might call ‘toughness’) 
prior to failure. This is what needs to be quantified as a 

function of both age and strain rate (rate of loading) and 
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such experiments have never been reported in the 

literature. Our aim, therefore, is threefold: first to 

explore whether there is a DBT in human bone and 

observe the likely transition point with respect to 

physiological in-vivo loading rates such as these in our 

everyday life; second, to verify a shift to lower rates 

with respect to age, as we suspect that old bones might 

somehow be more brittle than young ones; third, to 

examine how absolute values of fracture resistance vary 

with age and strain rate. 

 

Figure 1. Epidemiology shows that the frequency of fractures 

increases dramatically with age. Accidental traumatic 

fractures of the nature depicted here occur often (A) through 

slips and falls (neck of femur fracture, or Colle’s fractures or 
the wrist as one stretches out to protect against impact with 

the ground) or even (B) due to events in our modern 

motorised lifestyle and environment. In evolutionary terms, 

and to a certain extent, the skeleton is perhaps expected to 

cope with events like (A), but it is not meant to cope with very 

fast events (taking place in less than 10ms) like in a car crash 

(B). (Illustrations courtesy of Dr E Minnock.) 

 

2. Materials & methods 

The samples were from donors of selected ages at the 

start of skeletal maturity (15) and then after skeletal 

maturity (55,64,75,85) when properties gradually 

decline. The donors had died of conditions unrelated to 

the condition of the skeleton. They had been donated 

under informed consent to a tissue bank and with the 

relevant guidelines and regulations being followed as 

stipulated by legal procedures. Ethical permission was 

obtained by the Gloucester and Cheltenham NHS Trust 

hospitals committee and then in further protocols by 

Frenchay Bristol for the BOSCOS (Bone Scanning for 

Occupant Safety - Mr.C.Curwen CI REC ref. 01/179G) 

project supported by the UK Department of Transport; 

and later by the by EPSRC (UK) for ‘Point-of-Care High Accuracy Fracture Risk Prediction’ programme. The 

samples were prepared in the form of beams 6 mm wide 

and 3 mm deep and 40 mm long, dissected from the mid 

diaphysis and orientated along the axis parallel to the 

axis of the femur (Fig. 2). This method devised by 

Tattersal & Tappin [28] to determine the work of 

fracture of brittle materials and has been used quite 

often on mineralised tissues [29,30,31,32,33]. This 

method is similar to various fracture mechanics 

configurations in that, among other things, it aims to 

restrict damage in the specimen to a very small part of 

it, so that what is being measured is the work associated 

with the travelling fracture, and not damage in more 

remote parts of the specimen. 

The samples contained a chevron notch in the middle of 

the span and they were bent at various speeds in a servo 

hydraulic material testing machine. The crosshead 

speeds can be converted to strain rate by simple beam 

theory. The work to fracture (Wf) is obtained by dividing 

the area under the load-displacement curve by the 

ligament area of intact tissue to derive an energy 

density measure (kJ mm-2) necessary for breaking the 

bone, Wf. It measures the energy required to create a 

unit of fracture surface and thus the toughness of the 

tissue in the sense that it defines what it takes to sustain 

a stable crack growth [34,35]. This is to distinguish it 

from other uses of the term toughness in classical 

fracture mechanics methods, which employ KC the 

critical stress intensity factor, and/or the J-integral and 

define conditions that are necessary to be present at the 

start of the crack growth process. 

The loading rate in the three-point bending test of a 

beam of span L, breadth b and thickness h, is converted 

to strain rate as for beam theory [36], where the load F 

in the middle of the beam of length L produces a 

moment: 

M = F L / 4          (1) 

The maximum displacement is at the central point: 

 F L
3
 / 48 E I,        (2) 

where E is the modulus of elasticity and I (= b h3 / 12) 

the moment of inertia of the beam. 
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Figure 2. (A) The samples were shaped in the form of beams 6 

mm wide and 3 mm deep and 40 mm long, dissected from the 

mid diaphysis and orientated along the axis of the femur. A 

chevron notch was prepared in the middle of the span and 

they were fractured in bending at various speeds in material 

testing machine. This specimen design and geometry drives a 

crack along a transverse plane, perpendicular to the long axis 

of the bone.  (B) The chevron notch was prepared in a V-shape 

in the middle of the span with a metallurgical low speed saw. 

(B) before and (C) after the fracture test. This sample has been 

stained with Fuchsin (a histological stain) to demonstrate the 

vasculature (in dark red) of normal femoral bone material. 

The V-shaped notch helps to stabilise the rate of crack growth 

because the advancing crack front (in the direction of the 

white arrow) meets an ever-increasing width of material 

ahead of it.    

 

The longitudinal stress varies linearly across the beam 

and reaches a maximum at the surface, 

 M h / 2 I = F L h / 8 I = 12 F L h / 8 b h
3
 = (3/2) F L 

/ b h
2
            (3) 

The strain is : 

 / E = M h / 2 E I = F L h / 8 E I = ( F L
3
 / 48 E I ) 6 

h / L
2
  6 h / L

2       
 (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The relationship between displacement and the 

maximum strain is therefore: 

 6 h / L
2         

 (5) 

For a span of L=32 mm and a depth of the beam of h= 3 

mm the ratio between displacement and strain and 

therefore between stroke rate and strain rate is 

therefore ~ 57 :1. 

Because of the chevron V-shaped notch the Tattersal & 

Tappin test [28] has been thought as being ideal for 

driving stable cracks through a material. This is 

practically true but not strictly so, because of two added 

factors: (i) using a beam design means that as the crack 

advances through the beam the strain rate changes 

slightly because the loading geometry changes due to 

reduction in effective thickness, therefore there are 

deviations from the ideal formulae mentioned above 

and even if one exerts a constant stroke rate (d /dt) 

one is not guaranteed to produce constant strain rate 

(d /dt); (ii) due to the finite compliance of the grips of 

the testing machine, as the effective thickness reduces 

the compliance of the sample increases and ratio to the 

machine compliance will proportionally decrease 

putting slightly more pressure on the sample and 

causing the crack to accelerate somewhat.  
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Figure 3. The overall mass of the skeleton shows certain 

trends with age. Bones are at their peak mass between 15 and 

50 yrs of age declining in mass either side of this interval. The 

underlying concomitant changes in bone quality are also 

significant but much less obvious [4]. One must keep in mind 

that modelling and remodelling apply throughout life and the 

shown ranges should more accurately referred to as perhaps ‘predominantly’ modelling and remodelling activity ages. 
Samples were taken from donors at 15yrs of age (at the start 

of skeletal maturity) and then from donors at intervals nearly 

every 10 years after maturity, at 55, 64, 75, 85 yrs. This graph 

was compiled by well-known trends in the literature and the 

weight axis was adjusted for the body weight of the subjects of 

this study.   

 

 

3. Results & discussion 

3.1 Mechanical tests We successfully tested 

altogether 113 specimens cut from five male human 

femurs by the Tattersal & Tappin test method to 

produce work of fracture toughness values (Wf). Other 

associated material and chemical information on the 

samples was also collected to help in assessing the 

ontogenic changes and put the results into context (e-

supplementary information). The samples were from 

donors of ages between 15 (start of skeletal maturity) 

and at 55, 64, 75, 85 yrs (every 10 yrs after skeletal 

maturity when properties gradually decline) (Fig. 3). 

The donors had died of conditions unrelated to the 

condition of the skeleton and the result is therefore, 

representative of normal healthy femurs at various ages. 

The age effects on the bone material quality show more 

clearly in males, because in females the inter-individual 

variability caused by the varying number of 

pregnancies, breast feeding, menopause etc. do not 

allow for the selection of a representative bone 

specimen for material analysis at any particular age. It is 

also true that although most OP fracture sites involve 

mostly cancellous bone, the study of bone properties at 

the basic material science and physics level come 

inevitably from studying cortical bone. Cortical bone 

provides the material bone mass from which all bone is 

made, cancellous and cortical, without the convoluted 

effects of wide porosity variations and broad 

architectural changes seen in cancellous bone.  

 

3.2 Strain rate and timescale of events

 Implementing a range of strain rates in the lab 

requires a meaningful translation of displacements rates 

to strain rates and the timescale of events so that the 

tests are easy to interpret. The rate of conversion 

between displacement , and strain , in our test 

configuration was (d /dt):(d /dt) ~ 57:1. The loading 

rates were representative of actual intentionally or 

accidentally applied loadings of the femur, and so were 

the times of fracture (the time it took to break any single 

specimen was analogous to completely fracturing a 

whole bone in a similar situation in-vivo). This 

discussion is pertinent as the relative magnitude of 

strains, deformations and the time scale of events (Fig. 

4) is critical for setting the present test results in the 

right context.  

 

 
 

Figure 4. Considerations for the relative scale for strain rates, 

stroke (deformation) rates [7, 10-11, 13-17], the coding for 

tests at 7 different rates, and the overall timescale of events in 

the context of real life time scenarios. 

 

 

3.3 Ductile vs brittle behaviour  Figure 5 shows 

work of fracture traces for 2 representative cases of 

fully ductile and semi-brittle fracture. The degree of 

ductility can be judged on the load/deformation traces 

and/or the fracture surface roughness [7,12] as brittle 

fractures are associated with (i) precipitous drop in load 

and (ii) flat smooth fracture profiles. These two criteria 

could allow for classification of each failure as brittle or 
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ductile. A ductility score between 1 (ductile) and 0 

(brittle) was produced for each specimen based on these 2 criteria. The score values were added in ‘bins’ 
for age and strain rates and the percentage of samples 

that showed a ductile behaviour (% ductile) was 

produce as a new variable.  

 

 

 

Figure 5. Load-deformation traces from two work of fracture 

(Wf) tests both for the 15 yrs old. (A) speed 5x10-3 mm s-1; 

(B) speed 5x10-1 mm s-1. Specimen in (A) broke in a ductile manner throughout the test and was given a ‘ductility score’ of 
1. Specimen in (B) showed a ductile-to-brittle transition (DBT) 

half way through the test and was given a score of 0.5. The 

small inset photos show the fracture profile along the 

advancing fracture front, which moves from the right to the 

left. Slow advancing fractures are generally ductile, appear 

rough and have relatively higher fractal dimension than fast 

moving fractures, which show smooth fracture surfaces. 

 

 

Figure 6. Work of fracture as function of strain rate, with age 

as symbols. Open squares are the means for Wf for each stroke 

rate across all 5 ages. The values show a peak from low stroke 

rates towards 0.01 mm/s and then decline in accordance with 

other previous literature [14, 16-18, 27]. The bars are ±one 

standard deviation off the mean. The smooth curves shown 

are nonlinear regressions of Lognormal, 3 parameter peak 

functions: f(x)=a*exp[-0.5{ln(x/x0)/b}2], using dynamic fit 

routines in SigmaPlot v.10 (200 iterations, tolerance: 1×10 10; 

full details and stats are given in e-Supplementary section); 

the R2 values of the fits ranged from 0.13-0.431, and the P 

values from 0.0003 to 0.026.  For clarity only the lines for ages 

55, and two ages on either side of it, younger at 15 and older 

than 75 yrs are shown. The ductile-to-brittle transition, where 

the curves peak (arrows), decrease in value and shifts to lower 

strain rates with age; this can be seen by the x0 parameter 

values the peak of the Lognormal functions (full details in e-

Supplementary section). 

 

 

3.4 Toughness vs strain rate  Figure 6 shows the 

toughness of bone, Wf versus strain rate and age. The 

data show a trend characteristic of other bone studies 

[14-16], which independently reported that bone 

exhibits a reduction in energy absorption with either 

age, or strain rate (for rates above 0.01 s-1). At low 

strain rates (below 10-3 s-1) Wf increases with increasing 

strain rate, reaches a maximum at around 10-2s-1 and then decreases beyond that ‘threshold’ rate. Such 
behaviour is characteristic of a DBT. Below the strain 

rates at peak Wf it has been speculated [37] that 

thermally activated plasticity operates in the bone 

matrix. In this picture, as the strain rates increase, 

higher stresses are necessary to maintain plastic flow 

[37 ] and as this mechanism ceases to operate near 10-2 

s-1 , the Wf curve levels off.  
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In metals, a dynamic recovery by removal or 

rearrangement of defects facilitates plasticity. In the 

framework of the thermally-activated plasticity model 

of bone deformation [37] referenced above, at strain 

rates lower than about 10-2 s-1, recovery aids 

deformation by defect repair, but this help becomes less 

and less effective as strain rates approach this value. Is 

to be noticed that this threshold strain rate at maximum 

fracture work is close to the relaxation rate r=1/75 s-

1=1.33 10-2 s-1 obtained from the timescales of strain 

redistribution after fracture in collagen and mineral 

crystals within bone [38,39]. In this situation defect 

repair and hardening balance each other. At higher 

strain rates recovery helps less and less to repeal any 

deformation damage, therefore, Wf starts to decrease in 

value.  

In the heterogeneous and anisotropic microstructure of 

bone even non-ductile pull out of fibres and lamellae 

produce surfaces that dissipate energy by friction in the 

process of separation [27]. Altogether the DBT in bone 

in not sharp and well defined, but its existence is 

beyond doubt [18,27]. It is remarkable, but 

understandable from the evolutionary biology point of 

view, that bone is toughest at strain rates when this is 

needed most; the physiological strain rates [10,11] in 

walking and running are also about 3×10-2 s-1. One 

observes a happy coincidence between physiologically 

occurring rates, spontaneous recovery rate r, and 

occurrence of maximum toughness. Fig.6 shows for the 

first time what the combined effect of these two factors 

is, and also that the peak in the Wf curves has a tendency 

to shift with age to lower strain rate values. In other 

words, the maximum energy absorption reduces with 

age and at the same time the window of strain rate, at 

which bone achieves its optimum performance, shifts to 

slower rates. 

 

3.5 Ductile to Brittle Transition vs age   Figure 7 

shows the percentage of samples (in each combination 

of strain rate and age) exhibited ductile fracture 

(%ductile) as a function of strain rate and age. Logistics 

sigmoidal curves were fitted to the data (e-

supplementary information). The DBT (at a likelihood of 

50% between ductile or brittle) shows a shift between 

15 and 85 years of age from a strain rate of ~ 9×10-3 s-1 

to ~7×10-4 s-1, more than a factor of 10 difference. At 

lower specimen survival rates (i.e. at %ductile=10, 

where only 10% of the samples managed to sustain a 

fully ductile fracture) the shift in strain rates is by a 

factor of 40 between old and young bone. The envelope 

between the extreme curves for old (85 yrs) and young 

(15yrs) bone shown in Fig.7 covers almost the entire 

range of speeds at which we load our femurs when 

walking, jumping or climbing stairs. More specifically it  

 

 

Figure 7. Percentage of ductile fractures versus strain rate 

and age.  The smooth transition lines are logistics curves, 

nonlinear regressions of Sigmoidal, 3 Parameter functions: 

f(x)=a/{1+exp(-(x-x0)/b)}, using dynamic fit routines in 

SigmaPlot v.10 (1000 iterations, tolerance: 1×10 10; full 

details and stats are given in e-Supplementary section); the R2 

values of the fits ranged from 0.96-1.00, and the P values 

<0.001 for all fits.  The transition curves show a shift with x, 

the strain rate, which varies as a factor of 10 and 40 between 

the youngest and oldest individual. In other words, an 

everyday loading event, at a moderate strain rate, which for a 

young person would go unnoticed, would have detrimental 

effects in the older person resulting in a brittle fracture (100% 

brittle for any strain rate above 0.01 s-1).   

 

also shows, for instance, that while young bone is 

ductile at jumping speeds, old bone is brittle. Moreover, 

as shown earlier in Fig. 6 the toughness (as energy 

absorption) that can be sustained at these rates 

decreases with age. 

We can, therefore, for the first time show that bone is 

most fracture resistant at strain rates such as needed for 

everyday living and survival – its toughness peaks 

between 10-4 and 10-1 s-1. Secondly, with age the peak 

strength decreases, and the peak shifts to lower speeds – the elderly being both weak and slow. Thirdly, the 

signature of the strain curve varies with deformation 

speed. At low rates the elastic line is followed by a few 

percent plasticity, at high rates the fracture is 

catastrophic and occurs at the elastic limit. Fourthly, 

optical inspection confirmed the classification of 

fractures as ductile or brittle: ductility is associated with 

rough plastically deformed fracture surface and fibre 

pull-out, brittleness with breakage of fibres along a 

cleavage plane. 

 

3.6 Biophysical nature of events As mentioned 

earlier, by using X-ray diffraction in a synchrotron 
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radiation source [38,39] we have observed that after 

being stretched to failure, mineral crystals and collagen 

in bone had different relaxation rates. Whereas mineral 

crystals relaxed immediately, the rate of recoil in 

collagen was r=1/75 s-1=1.33 10-2 s-1. While unloading 

bone samples before failure had identical relaxation 

rates. Thus, this was interpreted as the typical timescale 

of self-healing of bone under natural conditions, being 

induced by the load transfer between mineral crystals 

and collagen by the interfibrillar matrix. This 

interpretation was favoured, as previous investigations 

using synchrotron radiation showed the importance of 

the interfibrillar matrix in the mechanical deformation 

of bone tissue [40] and were then intensively 

investigated, as shown in a review article [41]. 

Nevertheless, one cannot rule out that also sliding 

mechanisms in the triple helix molecules play a role. 

Such sliding in collagen was observed and quantified in 

early pioneering works using in-situ X-ray scattering 

from high brilliance synchrotron radiation sources [42]. 

Both effects, sacrificial bonds in the interfibrillar matrix 

[43, 44] or collagen sliding induced viscosity [42] and 

collagen cross-links [45] could contribute to plasticity in 

bone. The observation in Figure 6 is that at low strain 

rates, below the recovery rate d /dt < r, the work of 

fracture is lowers, but the same is observed for very 

high strain rates. The mechanisms that are at play in 

these two extremes (very low strain rates and very high 

rates) are however very different. Very low strain rates 

involve creep rupture phenomena and accumulation of 

damage with loading over prolonged times. At high 

strain rates the contribution to the mechanics by the 

organic matrix component may be what makes all the 

difference. We see here that the maximum in the work 

of fracture shifts to lower strain rates with increasing 

age. In the scientific literature on metal behaviour this 

would correspond to a balance of recovery and 

hardening, where recovery is less effective with age. For 

bone, one may speculate about the underlying 

mechanisms: A possible interpretation could be that 

with strain rate the relative contribution of sliding 

mechanism in collagen molecules vs recovery offered by 

sacrificial bonds shifts. Quite possibly at higher strain 

rates, time is not sufficient for the organic matrix based 

self-healing mechanisms of bone to confer toughness. 

Recovery of sacrificial bonds is – as a molecular 

mechanism – probably age independent, whereas the 

sliding viscosity reduces with age probably due to 

increasing cross-links of collagen. Depalle et al. [46] that 

the enzymatic crosslinking profile is very different in 

15yr olds vs 75yr olds. The broad view is that the 

organic matrix changes with age [45] and that 

interplays with fracture outcome during ageing [47] and 

as shown when comparing age/sex matched donors 

with and without fractures where the organic matrix 

quality was evidently different [48]. However, other 

work examining both enzymatic and non-enzymatic 

cross links showed inconclusive results as far as 

toughness is concerned in paired anatomical locations 

[49] . As for ageing effects these have not only been 

observed in bone [50], but also in ligaments or cartilage 

[51,52,53]. Taking these observations together, the 

question is still open, whether structural changes in the 

organic matrix, probably alongside changes in the 

inorganic matrix and the well known documented 

changes in bone density, mineral content and porosity, 

are the most important parameter for deterioration of bone’s quality with age.  
 

4. Conclusions 

It is well accepted that bone is a semi-brittle material 

with an ability to exhibit plasticity and ductility when 

the circumstances allow it, whereby either the loading 

environment (applied strain rates) or the ambient 

conditions (humidity/dryness) define the degree of its 

ductility. However, the intrinsic ability of bone to exhibit 

ductility either by natural design, or in ontogeny 

(ageing), or in disease has not been the result of 

bespoke attention in the past. More particularly there 

are no studies, which examine the former (conditions) 

in conjunction with the latter (ageing/disease); the 

extrinsic in relation to the intrinsic phenomena. Here for 

the first time we have shown that toughness of human 

femoral bone (energy absorbed per unit fracture area) 

reduces with age across a wide spectrum of strain rates, 

for slow and fast loading events. Bone also exhibits a 

change from ductility to brittleness as loading rates 

increase. Its toughness shows a maximum at the 

physiologically occurring strain rates of 10-3 s-1 to 10-2 s-

1, which may be a result of some optimisation and 

natural design routines. But more importantly, the peak 

of this performance shifts towards lower values of 

strain rate with age. Use of logistics curves to express 

the relative degree of plasticity and brittleness versus 

strain rate showed that there is also a shift of these DBT 

curves with ageing towards lower strain rates by a 

factor of 10 to 40 by the age of 85yr old on either side of 

skeletal maturity. The combined effect of a reduced 

absolute toughness value, and a DBT shift to lower 

strain rates, produce a new powerful paradigm, which 

allows us to demonstrate mechanically, and uniquely, 

how human bone becomes increasingly brittle with age. 
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