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Abstract. The wide damping maximum which is reported to appear in bones, involving both
cortical and cancellous parts, between around 280 K and 420 K; has been determined to be a
composition of different processes taking place at different temperatures in cancellous and cortical
parts. In fact, in the present work the mechanical response of cow ribs bones has been analysed by
coupling mechanical spectroscopy, differential scanning calorimetry, thermogravimetry and
scanning electron microscopy studies. Cancellous part develops two damping maxima at around 320
K and 350 K. Cortical part exhibits a wide maximum in damping between around 310 K and 410 K
and another damping relaxation between 390 K and 410 K. The physical-chemical driving force
giving rise to the above relaxation processes are discussed.

Introduction

Bone is a hierarchical composite material including up to seven levels of organisation. In the
smallest level, bones are composed of carbonated apatite (dahllite) which is inserted or dispersed
between the oriented type I collagen fibrils [1 — 5]. The outstanding mechanical properties of bones
are not only related to their main components. The mesostructure and/or nanostructure play an
important role in both the superior stiffness and the strength properties found in bones. Indeed, the
composition alone does not fully explain the bulk mechanical properties. Mechanical properties in
bones can vary significantly as a result of differences in the arrangement of their structure, testing
direction (anisotropy) and anatomical location [3 — 7].

Mechanical spectroscopy (MS, also called dynamic mechanical analysis) is very sensitive to the
microstructure of the sample and usually involves the simultaneous measurement of the damping
(internal friction or loss tangent, tan(¢)) and the natural oscillating frequency, f, (f being
proportional to the elastic modulus) as a function of temperature [8, 9]. The knowledge of the
driving force which controls the damping and the dynamic modulus behaviour should help to
improve the prosthesis characteristics and so the life quality of persons either having orthopaedic
prosthesis or suffering some disease as for instance osteoporosis. Several works about the dynamic-
mechanical behaviour of bones have been reported in the literature, e.g. see Refs. [3 — 5, 10] and
cited papers therein.

In general, bones show a wide damping peak in the 300 K — 380 K temperature range at strains
within the physiological ranges (10 - 10~). This peak was observed both in chicken [4] and in cow
[5] samples. Nevertheless, the physical and chemical processes which control the damping and
modulus behaviour in this temperature range are still unclear.
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In the present work, different techniques like MS, Differential Scanning Calorimetry (DSC),
Thermogravimetry (TGA) and Scanning Electron Microscopy (SEM) were simultaneously applied
on bones samples obtained from ribs of fresh cow meat. The correlation between the different
techniques allows us to determine the physical and chemical mechanisms which are involved in the
damping response within the temperature range 280 K - 420 K. Therefore, this work should
contribute to the research fields on the orthopaedic, the novel bone replacements and also the
0steoporosis.

Experimental

Samples. Studied bones were ribs of fresh cow meat purchased from three different providers.
Samples were taken from bones by cutting with a jeweller saw in perpendicular direction to its
longest dimension, as it is shown in Fig. 1. Different sample types were used: Samples including
both the cortical and cancellous parts (a-type), samples made of cancellous bone part only (b-type)
and samples made of cortical bone part only (c-type), see Fig. 1. The first type of samples will be
called also hereafter composite-type samples. Three samples of each type were prepared from the
bones of each provider. Parallelepiped shaped samples of around 3 mm x 4 mm x 40 mm, 3 mm X
11 mm x 30 mm and 3 mm x 3 mm x 15 mm, were used for each type, respectively. The final size
for the samples was reached by means of mechanical polishing.

w = longest zize of bone

Figure 1. Schematic representation of a section of a rib bone obtained by cutting with the jeweller saw. Z1:
Zone delimited by short dashed lines from where the composite-type sample was obtained. Z2: Zone
delimited by long dashed lines from where the cancellous sample was obtained. Z3: Zones delimited by alt-
dashed lines from where the cortical samples were obtained.

Measurements. MS studies were performed at different frequencies (f) close to 1.5 Hz and 15
Hz, as a function of temperature, T. The dynamical response of a linear viscoelastic material is
usually described in terms of the complex modulus G* (or complex compliance J*) as a function of
the circular frequency ® (w=2-m-f) and T. The complex modulus is generally presented in terms of
its real and imaginary parts, that is, G* = G’ +1 G’’, where G’ is the storage modulus, G’ is the loss
modulus and i is the imaginary unit. Consequently, tan(¢) is defined as the quotient between the
imaginary and real part of the complex modulus [8, 9, 11, 12]. In addition, a proportionality
between G’ and the squared natural oscillating frequency can be established. The proportionality
constant involves the moment of inertia of the oscillating system and the dimensions of the sample
[10, 13, 14].

MS measurements were performed in torsion under pure argon at atmospheric pressure [15]. The
heating and cooling rates were 1K/min. A heating and its corresponding cooling run will be called
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hereafter a thermal cycle [16, 17]. The maximum shear strain on the sample was 2 x 10 which is
within the physiological range. The error for tan(¢) and f* was less than 4%.

It should be mentioned that MS measurements can exhibit differences between samples of the
same type, but the results showed in this work represent the general trends of the whole set of
studied samples. The measured values of damping and dynamic modulus, between samples taken
from different ribs, exhibited usually a bandwidth of discrepancy around 10%, but in some cases we
have also found a bandwidth up to around 20%. Nevertheless, the general trends of the curves
during the thermal cycles are completely similar and reproducible. Moreover, we can assert that
samples prepared from the same fresh ribs-bone at the same time and measured within two days of
difference after storage in the refrigerator exhibit negligible differences.

DSC measurements at a heating/cooling rate of 10 K/min were carried out in a TA Q100 DSC
equipment under nitrogen atmosphere. The weight loss (TGA, BOECO balance with a precision of
0.1 mg) was determined after a heating/cooling process at 2K/min up to different maximum
temperatures, 7, in argon atmosphere. The weight loss was determined as p = (& — o (T,) )/ @,
where @ is the initial weight at room temperature (RT) and ax7,,) is the weight measured at RT
after a cycle reaching a maximum 7, temperature. The error in the measured points was less than
0.02%.

A SEM Jeol (JSM-5610LV) was employed to characterise at RT the morphology and structure of
the samples. Secondary electron images were obtained working at 20 kV. The specimens were
coated with 5 nm of Silver.

Results and Discussion

Fig. 2(a) shows the damping (tan(¢)) for a composite-type sample (a-type) measured during the
first thermal cycle, at 1.5 Hz, from 250 K up to 410 K. Damping exhibits two peaks at around 320 K
and at 350 K during the heating run (full symbols). Besides, below RT the peak at around 270 K can
be related to the melting of ice both of water and fluids located at the bone cavities and channels [4].
The next cooling measurement shows a reduction in the damping values, but a small peak at 350 K
can be still identified (see empty symbols). Fig. 2(b) shows the corresponding squared natural
oscillating frequency evolution. Frequency curve exhibits a decrease during the first heating run, up
to around 320K followed by an increase, as temperature increases. In contrast, frequency increases
during the cooling run markedly. The decrease in > from around 270 K up to 320 K can be related
to the melting of the ice both of water and fluids. In fact, the ice particles are inclusions harder than
the matrix, so their appearance lead to an increase in the modulus of the sample and vice-versa [6,
13, 14, 16, 18 — 22]. Therefore, as it can be inferred from Fig. 2, both the damping and the squared
resonance frequency show a clear hysteretic behaviour between heating and cooling curves. The
hysteretic behaviour reduces as soon as successive thermal cycles are performed in a similar way to
previous reported works [5, 23].

Fig. 3 shows the damping response measured at 15 Hz (circles) and at 1.5 Hz (squared triangles)
for a-type samples. Both damping peaks are overlaid within the temperature range 300 K — 400 K
(see inset) indicating that the mechanisms involved in the processes are not thermally activated, i.e.,
the relaxation does not shift in temperature as the oscillation frequency is modified [8, 9]. Fig. 3
also shows the damping curve measured at 15 Hz (diamonds in the Figure) corresponding to a
composite-type sample with a high water amount. This sample exhibits a large damping peak
related to the melting of iced water and fluids at around 273 K. In fact, a larger content of water
leads to a higher peak at 273 K since the larger modification in the internal stresses into the matrix
during the freezing or melting processes [6, 13, 14, 18, 22, 24, 25]. In addition, the larger is the peak
related to the water, the larger are the damping values within the temperature interval 280 K — 360
K. Nevertheless, above 360 K, independently of both the water content and the oscillating
frequency, all the damping spectra overlap.
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Figure 2(a). tan(¢) as a function of temperature during the first thermal cycle measured at around 1.5 Hz for
a composite-type sample. Full squared-triangles: first heating. Empty squared-triangles: first cooling.
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Figure 2(b). Dynamic shear modulus as a function of temperature during the first thermal cycle
corresponding to data from Fig. 2(a). Symbols mean as in Fig. 2(a).

The two-peak contribution to the damping within the temperature interval 320 K - 380 K, for the
composite-type sample with high water content, cannot be distinguished due to the background
contribution from the water.

Besides, a sample taken from the same bone giving the spectrum plotted by means of full
diamonds in Fig. 3, was dehydrated under vacuum of around 80 mTorr during 36 hours. This
sample shows smaller damping values below 360 K, see empty diamonds in Fig. 3, and so, the loss
of fluids and water lead to a decrease in damping. Indeed, a larger content of fluids and water makes
easier the viscous movement of the dissipative micromechanisms leading to an increase in the
mechanical energy losses [8, 9], i.e. water and fluids play the role of the plasticisers in polymers
[26].
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Figure 3. tan(¢) as a function of temperature for different samples measured at different oscillating
frequencies. Squared-triangles correspond to the first heating curve from Fig. 2(a) (low frequency). Circles
correspond to the first heating measured at high frequency for a composite-type sample. Full diamonds
correspond to a sample with higher water content, measured at high frequency. Empty diamonds correspond
to a dehydrated sample (see explanation in the text). Inset: Zoom for tan(¢) values between 0.028 and 0.04
for the first heating in composite-type samples measured at low and high frequencies.

Therefore, it is clearly revealed that both damping maxima, within the temperature interval 280
K - 400 K, are not thermally activated. In addition, the water and fluids content are involved in
these relaxation processes.

With the aim of recognising the physical and chemical mechanisms which give rise to the
relaxation peaks at around 320 K and 350 K, each bone part during the MS tests was measured
independently. Fig. 4(a) shows the damping curves measured during heating on cancellous (b-type
sample, triangles), cortical ((c) sample, inverted triangles) and a composite-type sample (a-type,
circles), at 15 Hz. In addition, Fig. 4(b) shows the squared frequency curves corresponding to the
damping spectra shown in Fig. 4(a). Cancellous samples show two clear maxima at around 320 K
and 350 K, triangles in Fig. 4(a). In contrast, for cortical samples, the damping shows a wide peak
between around 300 K and 400 K, see inverted triangles in Fig. 4(a). The damping spectrum
corresponding to the composite sample (a) is also shown in this Figure to make clearer the
comparison among of spectra (see circles). As it can be seen from Fig. 4(a), the damping curve for a
composite-type sample (a) shows a behaviour that can be considered the superposition of the two
component parts.
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Figure 4(a). tan(¢) as a function of temperature during the first heating measured at around 15 Hz for

different samples. Circles: composite-type sample. Triangles: Cancellous sample (b). Inverted triangles:
Cortical sample (c).
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Figure 4(b). Dynamic shear modulus as a function of temperature during the first heating corresponding to
data from Fig. 4(a). Symbols mean as in Fig. 4(a).

In order to know the different physical and chemical processes taking place during heating, the
bones were studied by means of DSC and TGA measurements. DSC thermograms for cancellous (b)
and cortical (c¢) samples are shown in Fig. 5. Focusing first on cancellous bone, the water amount
was determined by comparing the enthalpy of the endothermic peak P; at 273 K with the melting
enthalpy of water (AH,,=334 J/g), see Table 1. A mass of water of around 5% in cancellous bone
was estimated. Two more endothermic peaks can be observed at around 320 K (P;) and 373 K (P3)
during heating. P, peak could be related to the denaturation of albumin, and haemoglobin proteins
[27] but also to the melting of fats [28]. On the other side, P; peak at 373 K can be related to the
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vaporization of water. In fact, around 5% of mass of water has been estimated again taking into

account the vaporization enthalpy of water (AH,=2260 J/g) and the measured enthalpy of P3 peak,
Table 1.
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Figure 5. DSC thermograms measured during heating for cancellous bone (b sample) and cortical bone (¢
sample). Inset: Curve for cortical bone after subtraction of P, see explanation in the text.

Table 1. Temperature and enthalpies of the different peaks observed in the DSC thermograms in Fig. 5.
Cancellous part | Cortical part

Peak | 7(K) | 0(/g) | T(K) | O(J/g)
P1 | 273 16 273 | 16
P2 | 320 2.4 - -
P3 | 373 100 373 | 100
P4 - - 410 | 160

The cortical bone (c sample) did not show P, peak clearly, but both the P, and P; peaks related to
the water were similar. Nevertheless, a slight hump within the temperature range related to P, peak
in cortical samples could be arising (Fig. 5). The masked of the P, reaction in thermogram for the
cortical sample could be related to the smaller amount of fluids in these samples than in cancellous
samples.

P; peak appears overlaid on the low temperature tail of a high temperature process, P4, whose
maximum appears at around 410 K. The inset in Fig. 5 shows the P4 peak without the water
contribution, i.e. the subtraction of P; peak. This last peak (Ps) can be related both to the
collagen/protein denaturation [27] and to the loss of the non-free water, the so called crystallisation
water. Crystallisation water is used in compounds of proteins and/or collagen-apatite bonds [4, 29 —
31]. In addition, during a subsequent second heating run both cancellous and cortical samples do not
show any thermal reaction.

The loss of weight p measured during heating for cancellous (b) and cortical (c) samples is
shown in Fig. 6. A first stage up to around 380 K is shown for the two types of samples. This first
decrease corresponds to the water release during heating and is similar in both cases. A water loss of
around 7% below 400 K was estimated in reasonable agreement with the DSC results taking into
account the accumulative procedure to determine the weight loss (see Section Measurement). Above
450 K the weight loss increases but both curves visibly split. This temperature range, where a stage
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develops for the cortical sample, corresponds to the temperature of the P4 endothermic reaction in
the DSC curve, then it could be related to the collagen/protein denaturation and also to the loss of
crystallisation water.

I

10 F Ju cortical

cancellous

300 350 400 450 500 550 600 650
T(K)

Figure 6. Weight loss (in percent), p, as a function of temperature for cancellous (b sample) and cortical (c
sample) bones. Lines are guidelines for the eye.

The denaturation process at around 320 K (P, reaction in Fig. 5) lead to the increase of damping
in the cancellous part due to the increase in mobility of the frictional micromechanisms (removal of
elastic constrains) giving rise to the first increase of the frictional terms at around 320 K (see Fig. 2
to Fig. 4). In addition, the melting of fats plays the role of a plasticiser into the bone matrix leading
also to the increase of damping values. Besides, the resonance frequency (Fig. 2(b) and Fig. 4(b))
increases above 320 K indicating that other physical mechanism is occurring overlapped to the
denaturation and melting processes. The loss of water and fluids observed by DSC and TGA, Fig. 5
and Fig. 6, during the warming leads to the decrease in the viscous capacity of the frictional
micromechanisms and then it increases the oscillating frequency and decreases the damping values
for temperatures over 320 K. Therefore, the non thermally activated maximum in damping at
around 320 K (see Fig. 3) is the result of the overlapping and competition of the two different
physical and chemical processes taking place in the cancellous part: (i) An increase of damping
related to both the denaturation of albumin and haemoglobin proteins and the melting of fats and (i1)
A subsequent decrease in damping related the loss of water and fluids.

Concerning the damping peak at around 350K in (a) and (b) samples, the change in the
morphological shape which leads to a compactness arrangement of the cancellous bone could be the
mechanism responsible for promoting this peak. In fact Fig. 7(a) and Fig. 7(b) show the morphology
of the cancellous bone prior and after heating to 410 K, respectively. The heated sample exhibits an
arrangement more compact than the fresh one. This higher compactness in heat treated samples at
temperatures above 350 K is promoted by the shrinkage of the cancellous part due to the
denaturation of the proteins above 320 K and the massive loss of water and fluids [4, 23, 32, 33], as
it was determined from DSC and TGA studies (see Fig. 5 and Fig. 6). During the shrinkage of the
cancellous bone the preponderant mechanism is the decrease in the free space which leads to a more
constrained arrangement of the matrix leading to the increase in the oscillating frequency and to the
decrease in the damping. However, the shrinkage process, promotes also a large modification of the
matrix which could cause the appearance of new cracks and voids. It leads to the increase in
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damping giving rise to the peak shaped response at around 350 K overlaid to the whole decreasing
trend of damping curve (see Fig. 4).

A

Figure 7(b). SEM micrographs for a b-ty sape after heating to 410 K.

In contrast, in cortical bone the damping spectrum exhibits a wide damping peak between around
300 K - 400 K. The maximum damping value is reached at around 320K, so this dissipative
mechanism can be related to the overlap of the processes (i) and (i) which occur in the cancellous
part within this temperature range. The high sensitivity of MS test allows us to confirm the
appearance of the denaturation of albumin and haemoglobin, which is weakly suggested from DSC
in Fig. 5. In addition, the continuous loss of water and fluids during heating give rise to both the
decrease in damping and the increase in frequency (see Fig. 4). Moreover, as clear changes in
cortical type samples after the warming up to 410 K could not be detected through SEM
examinations, the shrinkage of the mesostructure in cortical bones can be neglected during the loss
of water and fluids, then the damping peak at around 350 K is absent. It is in agreement with the
smaller frequency increase during heating than in cancellous samples, see Fig. 4(b).

On the other hand, a hump in the damping spectrum corresponding to cortical samples develops
from around 380 K up to 410 K, which is absent in cancellous ones, see Fig. 4(a). The appearance
of this hump could be related to the development of another overlaid relaxation process. Indeed, as
it was shown by means of DSC studies, the cortical samples exhibit the P4 endothermic reaction
related to the collagen/protein denaturation and to the loss of crystallisation water, which ranges
from around 370 K up to 500 K, see inset in Fig. 5. Consequently, the appearance of the relaxation
process from around 380 K up to 410K in cortical samples could be related to the collagen/protein
denaturation and to the loss of crystallisation water. This mechanism controlling damping behaviour
in cortical samples results in agreement with the almost flat behaviour exhibited by the damping
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values for cancellous samples and the non appearance of P4 reaction in DSC studies. However,
more effort must be done in the study of the physical and chemical mechanisms involved in the

connection of P4 reaction and its influence on damping behaviour in bones at temperatures close to
400 K.

Conclusions

The physical-chemical mechanisms that control the wide damping maximum in bones samples,
between around 280 K and 420 K in the MS tests; have been determined by coupling DSC, TGA
and SEM studies. This maximum is the result of the overlapping of different processes taking place
at different temperatures in the cancellous and cortical parts.

A damping peak at around 320 K develops both in cancellous and cortical bone. It is controlled
by the overlap of the following processes: (i) the denaturation of albumin and haemoglobin proteins
and also the melting of fats, (ii) the loss of water during heating at temperatures over room
temperature.

A damping peak at 350 K appears in cancellous bone only and is controlled by the shrinkages of
the mesostructure of bone owing to the loss of water.

The collagen/protein denaturation and the loss of crystallisation water, in cortical bones, give rise
to another relaxation process from around 390 K up to 410 K. More effort must be done in the study
of the physical and chemical processes involved in this relaxation process.
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