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1.0  Supplementary figures and table
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Figure S1 — The stress applied to different components of extrafibrillar mineralized MCF with 35% w/w intrafibrillar mineralization sug-
gesting the matrix stiffness as what underlie the change in the MCF mechanical properties with extrafibrillar mineralization, while the
mineralization regime determines whether the matrix or the collagen fibrils affect the UTS. Stress applied to a) collagen fibrils, b) intrafi-
brillar and c) extrafibrillar minerals for various overall MCF content at fixed 35% w/w intrafibrillar mineralization.



Figure S 2- The snapshot for the EFM-MCF with DoM=81.85%w/w under the external strain of 0.15 showing the crack bridging mecha-
nism.



Table S1 — Mineralization patterns of various extrafibrillar mineralized MCF systems considered in the current study.
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2.0  Supplementary Results

2.1 Mechanical behaviour of MCF with various geometry and mineralisation degrees
In the main simulations of the current study, the minimum distance between MCF is equal to d=2nm. Since the MCF-MCF
distance can possibly influence their interactions and also according to Hall-Petch effect [1] the size of extrafibrillar mineral
nanoparticle affects its mechanical properties, here the effect of d distance on the MCF mechanical properties is studied. To
this end, two different simulation sets are discussed and presented in this section. In the first simulation set designed to exclude
the effect of overall mineral amount on the results, three different systems with different d distances were considered with the
porosities in the extrafibrillar mineral chosen in a way to assure the fixed overall mineralisation of 83.6 %w/w. In the second
simulation set with the goal of eliminating the effect of extrafibrillar matrix mechanical properties, the same extrafibrillar
mineralisation degree of 85% were chosen for systems with various d values since the porosity significantly affect the matrix

mechanical properties.

The uniaxial tension test results for the first simulation set suggests a significant influence of extrafibrillar matrix porosity
and/or MCF-MCEF distance on the MCF mechanical properties in the fixed overall mineral content (Figure S3a). Larger dis-
tance brings about smaller stress values at the strain of 5% (inset in the Figure S3a). Increasing the d distance from 3 nm to 4
nm, MCF reaches the second regime. Since with this change in fixed overall mineralisation, the porosity in the extrafibrillar
matrix increases, it is deduced that extrafibrillar matrix porosity and subsequently its mechanical properties rather than extrafi-
brillar mineral amount determines when the change in the stress-strain response shape occurs. Since in this simulation set both
the porosity and d distance was changed, in the second simulation set different d distances with same extrafibrillar matrix
porosity are considered. The stress-strain plot (Figure S3b) and the stress at strain of 5% (inset in Figure S3b) remains fixed
regardless of the MCF-MCF distance implying that the change observed in the previous simulation set (Figure S3b) is only

owing to the extrafibrillar porosity.

The effect of MCF-MCEF distance, extrafibrillar mineralisation and the overall mineral content on UTS is depicted in Figure
S3b. Increasing the extrafibrillar matrix mineralisation from e=0.85 to e=1 for the fixed distance of d=2nm as obtained from
the simulation the main text the, UTS increases (the blue line in Figure S3b) which is in line with the results obtained in this
section for d=4 nm (the red line). A similar trend for the Young modulus is also observed (data not shown here). Increasing
the d distance in fixed extrafibrillar mineralisation of e=0.85, the UTS remains fixed (the black line). However, changing both
the extrafibrillar mineralisation and d at the same time to keep the mineralisation constant (the orange line), the UTS decreases.
Thus, in the current study the UTS is observed to be affected by the extrafibrillar mineral porosity and its dependence on
neither the MCF-MCF distance nor the mineral amount is noticed at least for the range of parameters considered here. Simi-
larly, a very small dependence of fracture strain on MCF-MCEF distance and mineral amount is observed, while a change in
this parameter with extrafibrillar mineralisation is seen (Figure S3d). Larger change in the fracture strain for d=4nm (the red
line in Figure S3d) than d=2nm (The blue line) is owing to a switch in the mineralisation regime. Thus, it is concluded that
out of MCF-MCEF distance, overall mineral content and extrafibrillar mineral porosity, the last one influences the MCF me-

chanical properties.
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Figure S3 — The mechanical properties of MCFs with various MCF-MCF distance, extrafibrillar mineral porosity and overall mineral
contents and 35% w/w intrafibrillar mineralization showing that out of the three parameters the extrafibrillar mineral porosity only influ-
ences the MCF mechanical properties. Stress-strain plots for MCFs with a) fixed overall mineral contents and various d distance and
extrafibrillar mineralization and b) fixed extrafibrillar mineralization and various d distance and overall mineral contents. The summary c)
the UTS and d) fracture strain for the range of MCF-MCF distance, extrafibrillar mineral porosity and overall mineral content investigated

in the current study.

3.0  Supplementary discussions

3.1 Collagen and mineral residual stresses
The intrafibrillar mineralisation leads to a decrease in the collagen length which has been previously observed through both

the experimental [2] and computational studies [3]. Decrease in the collagen length is due to the compressive residual stress
on it which is cancelled by the same amount of residual stress in the intrafibrillar mineral in low extrafibrillar mineral amount.
Specifically, in the absence of intrafibrillar minerals, the collagen beads interact with each other through bonded interactions
which are in their equilibrium length and there is no residual stress at all. When the intrafibrillar minerals are added to the
system as the intrafibrillar space is limited the intrafibrillar minerals are in a distance in which the mineral-mineral interaction
is always attractive with the collagen beads in between not letting mineral beads distance reaching the distance with the equi-
librium mineral-mineral distance. Thus, the intrafibrillar mineral is always under tensile residual stress. In low extrafibrillar
mineralisation, there is a collagen shortening which decreases the residual tensile stress of the intrafibrillar mineral but still

there is residual stress in this component as explained. However, when in larger extrafibrillar mineralisation, the collagen

shortening is prevented which leads to a jump in the intrafibrillar mineral residual stress.

Regarding the residual stress in the extrafibrillar mineral, the potential well for the collagen-mineral is deeper than correspond-
ing value for the mineral-mineral interactions. Thus, at low extrafibrillar mineralisation, the intrafibrillar minerals are in spe-
cific larger distances in which they exert attractive forces to each other but larger collagen-mineral interaction prevent extrafi-
brillar minerals move towards each other which lead to a tensile residual stress in lower extrafibrillar minerals. However, at
larger extrafibrillar mineralisation, almost the whole simulation box outside collagens is filled with extrafibrillar minerals

leading to a lower propensity of extrafibrillar minerals to be attracted to each other as the forces created by their neighboring



minerals cancel each other. Besides, according to the mineralisation paradigm adapted here based on the recent finding on the
progress of the mineralisation from the extrafibrillar matrix to the intrafibrillar region, in higher extrafibrillar mineralistion the
extrafibrillar minerals prevent the collagen shortening which translate into compressive residual stress in the extrafibrillar

mineral and tensile residual stress in the collagen and intrafibrillar mineral.

3.2 Dependence of MCF-EFM stiffness on mineral amount

Simulations done in the current study alongside with results from our previous study [4] showed three different dependence of
MCEF stiffness on the mineral amount: (A) Larger mineralisation in systems lacking extrafibrillar mineralisation (.i.e. intrafi-
brillar mineralisation) brings about lower elastic modulus. (B) In fixed extrafibrillar mineralisation, increase in the mineralisa-
tion (.i.e. intrafibrillar mineralisation) has minimal influence on the elastic modulus. (C) In fixed intrafibrillar mineralisation,
increase in the mineralisation (.i.e. extrafibrillar mineralisation) leads to larger Young modulus. The first two cases are dis-
cussed down below and the third one was discussed in the main text.

(A) In the absence of extrafibrillar mineralisation (the stress-strain plot with toe-heel region), the increase in the intrafibrillar
mineral amount leads to larger residual strains and higher local curvatures in the MCF as shown in our previous study [4].
Besides, as mentioned in our previous study [4] and other studies on tendon [5] in the toe region the collagen straightening
occurs and also a part of the residual strain is released. Thus, higher intrafibrillar mineralisation in the absence of extrafibrillar
matrix leads to a larger toe-heel region and as the Young modulus is defined as the stress/strain ratio at the strain of 4%, the
Young modulus in this case decreases with mineralisation. This aspect will be further investigated in a follow-up study.

(B) Regarding the case with fixed extrafibrillar mineralisation, the small deformation behavior of extrafibrillar mineralised
MCEF is determined either by (i) the matrix properties (highly mineralised extrafibrillar matrix) or (ii) the collagen residual
strain (medium mineralised extrafibrillar matrix) (More explanation in the discussions of the main text). (i) The matrix prop-
erties are shown to be independent of the intrafibrillar mineral amount. (ii) Besides, our simulations with 5% w/w and 35%
w/w intrafibrillar mineralisation, below the maximum intrafibrillar mineralisation amount of 45 %w/w in biologically relevant
conditions [3], with fixed amount of extrafibrillar minerals illustrated that even though the intrafibrillar mineral slightly influ-
enced the residual strain, the extrafibrillar mineral amount has a more significant influence. In extrafibrillar mineralised MCFs
as the mineralisation starts from the extrafibrillar region to the intrafibrillar region various intrafibrillar mineral amounts have
minimial effect on residual strains of systems with fixed extrafibrillar mineral. Neither (i) the extrafibrillar matrix mechanical
properties nor (ii) the residual strain which affect the collagen stress-strain response are changed by the intrafibrillar mineral
amount in fixed extrafibrillar mineral amount. Thus, intrafibrillar mineral amount has a moderate effect on the elastic behavior

of systems with fixed extrafibrillar amount.

3.3 Comparison of simulation results with experimental findings
The stress-strain plots obtained in the current study, the stress and Young modulus values compare very well with the experi-
mental studies in literature. For instance, a stress-strain plot with a shape similar to our highly mineralised MCF-EFMs was
observed in tensile tests done by Casari et al. on hydrated micropillars extracted from ovine tibia [6]. Noticing the protruding
packs of fibrils in the final fracture surface, the authors suggested the occurrence of crack-shielding mechanisms such as crack
deviation and fibril bridging. Our simulation snapshots for the first mineralisation regime also implied the crack bridging by
collagen fibrils in line with Casari’s findings. However, in the experimental approach it was not possible to describe the series
of events that led to this behaviour which was explained beforehand. Interestingly, our simulation results showed that the

maximum extrafibrillar shear stress for mineralisation of 81.85 %w/w and 80.17 %w/w was 21.94+2.89 MPa and 20.28+4.03



MPa, respectively, in a good agreement with the value of 18.2 MPa estimated by Casari et al. from the results of their experi-
ments on hydrated multiple lamellas [6]. The maximum extrafibrillar shear stress for other mineral amounts is lower than these
values, though.

The shape of the stress-strain plot in the medium mineralised MCF-EFMs is similar to a typical bone stress-strain plot [7-10]
up to the strain of 30%. In the post-yield region of the bone stress-strain plot, larger bone substructures affect the plastic
deformation of bone. During plastic deformation, for instance debonding of osteons which belong to the higher levels in bone
hierarchy (0.2 mm in size) [11] occurs in the cement line [ 12]. Larger bone substructures, in charge of bone plastic deformation,
might eliminate the final work hardening observed in our simulations in the bone stress-strain response. The stress for the
biologically relevant mineralisation amount of 60-70 %w/w for strains below the final work hardening is obtained equal to
680-800 MPa in a good agreement with the compressive strength value of 750 MPa measured on a 5000 nm micropillar made
of dehydrated cortical bone [13]. These values are also similar to the stress values measured through micropillar compression
tests by Ma et al. for their largest micropillar sizes of 4971 nm (900 MPa) [14]. Despite the absence of larger substructures of
bone in that experimental study, still there was no work hardening prior to the final fracture in contrary to our simulation results
since the final work hardening is due to the stretching of collagen molecules [15] which was not possible in microcompression
experiment. Interestingly, the measured value of compressive strength for the smallest micropillar sizes of 878 nm and 640 nm
(~1700 — ~2000 GPa) in the study done by Ma et al. [14] were in line with the stress values calculated in the current study for
the mineralisation of 81.85 %w/w and similarly with stress fluctuations which are absent in their largest samples and similarly
in our smaller mineralisation percentages including those in the biologically relevant range of 60-70% w/w. Since larger pillar
sizes sample wider variations in the mineral density, there is a higher possibility that the average mineral density in the largest
micropillar size be closer to the average value in the bone. However, possibility of larger or lower than biologically relevant
mineralisation percents is larger in smaller pillars. That is why our simulation results for the biologically relevant mineral
concentration matches the experimental results for the largest sample size and those with larger mineralisation precents ex-
plains the stress-strain plots of smaller samples. The values calculated in the current study are also in agreement with the
compressive strength value of 750 MPa measured by Schwiedrzik on a 5000 nm micropillar made of dehydrated cortical bone
[13]. Also, the Young modulus values between 9.61-15.69 GPa were obtained for micropillars extracted from different loca-
tions in bone by Ma et al. in another study [16] which were in a good agreement with values computed in the current study for
the systems with 60-70 %w/w mineralisation.

Even though the stress values obtained in the current study are in a good agreement with micropillar compression test results
[13, 14], they are larger than the results of micropillar tensile experiments done by Casari et al [6] for three possible reasons:
First, as the stress values obtained by Casari et al. for the micropillar tests done in the hydrated conditions are lower than
dehydrated samples [6], the lack of solvation in our system might cause larger stress values. Second, in the current study the
space between lamella was ignored and the stress values were in a good agreement with the experimental results of Ma et al.
in which just one single lamella was considered [13, 14]. The relative sliding in the inter lamella space which is absent in the
current model might also contribute to a decrease in the bone stress value. The third reason is related to the sliding of collagen
molecules. In uniaxial tension, the relative sliding of collagen molecules decreases the external loading applied to MCF [3,
17]. Even though our preliminary simulations for systems two (0.67 um) and four times (1.34 pm) larger in length than the
current system showed no length effect, there is a possibility of length effect for system sizes larger than the accessible length
in the CGMD simulation in the current study. Since the length of collagen molecules is around 4.47D and neighboring collagen
molecules are shifted D period in axial dimension [18], in tension two neighboring molecules can slide for up to 3.47D (4.47D-
D) length before they become separated. However, the maximum possible sliding in compression is around 0.53D (5D-D)
which is lowered due to the mineral incompressibility. Higher occurrence of sliding in the bone elements in tension than

compression not only explains smaller stress values in tension but also implies stronger length effect for tension which is



corroborated comparing the results of these studies [6, 14]. In the micro-tensile test a decrease in the strength from 330 MPa
to 140 MPa is observed with changing the sample size from 2x4x10 pm? (cross sectional area of 8 um?) to 4x8x20 um? (cross
sectional area of 32 um?) with four times the cross sectional area [6]. However, in micro-compression test to decrease the
strength from 1800 MPa to 900 MPa the radius is changed from 0.32 um (cross sectional area of 0.32 pm?) to 2.49 pum (cross
sectional area of 19.47 um?) [14] which is 15 times larger than the change in the size for the micro-tension test illustrating the
smaller length effect in compression and importance of sliding in the tension test. Thus, stronger size effect is observed in
tension than compression owing to higher importance of sliding in tension which also implies that the stress values obtained
in the current study are in line with the findings in the literature.

The Young modulus for mineralisation degrees in 60-70 %w/w were calculated between 9.60+0.10 and 12.27+0.08 GPa which
were in good agreement with previous experimentally measured values for macroscopic values for the elastic modulus of
bovine femur [10, 19, 20] with mineralisation percent of 62+2 %w/w (Table S2) and also the microscopic elastic modulus
obtained through micropillar compression tests by Ma et al. [16]. Also, the Young modulus for the systems with mineralized
extrafibrillar matrix and with mineralisation percent of lower than 60 %w/w are 10-45GPa and below 10 GPa which are in
agreement with experimental studies done by Karunaratne et al. on bones from healthy and impaired extrafibrillar mineralisa-
tion [21]. For MCFs with 35%w/w intrafibrillar mineralisation and total mineralisation of 74.10 %w/w the residual stress
value of -73.01£2.72 MPa was calculated while the corresponding value for 5 % w/w intrafibrillar and total 70.60 %w/w
mineralisation was equal to -57.60+2.64 MPa. Both the values were in agreement with the mineral residual stress values be-
tween -60 MPa and -80 MPa measured by Almer and Stock for canine fibula [22]. Two different possible reasons for having
the same amount of mineral residual stress in slightly larger in-silico mineralisation than the in-vivo mineralisation of 60-70
%w/w are enumerated by the authors. First, in the 35 %w/w intrafibrillar mineralisation larger total mineralisation is needed
(74.10 %w/w) than 5 %w/w intrafibrillar mineralisation (70.60 %w/w) implying that for smaller intrafibrillar mineralisation it
is possible to reach the measured residual stresses in the physiologically relevant total mineralisation of 60-70 %w/w. Since
the mineralisation starts from the extrafibrillar matrix towards the intrafibrillar region [23], there is a possibility for small
intrafibrillar mineralisation in-vivo. Second, the presence of less mineralised elements in bone implies that amount of local
mineralisation should be larger than 70 %w/w to give rise to the average mineralisation of 60-70 %w/w. Our simulations

showed the occurrence of physiologically relevant mineral residual stress values in larger than 70 %w/w total mineralisation

accordingly.
Table S2 — The values of the bone Young’s modulus presented in the literature.

Bone type Young modulus Reference
Human cadaveric femurs 11.3+1.8 GPa Wang et al. [24]
Bovine femur and tibia 20 GPa Vashisht et al. [7]
Human femur 16.36 GPa Zioupos and Currey [25]
Bovine haversian femur 12 GPa Reilly and Burstein [19]
Human femur 10.1-13.4 GPa Reilly and Burstein [19]
Canine fibula 24.7 GPa Almer and Stock [22]
Human femur 16.4 GPa Zioupos [26]
Bovine femur 11.5+3.7 GPa Gupta et al. [10]
Osteon of human femoral midshaft 24-27 GPa Gupta et al. [27]
Interstitial bone interface of femural midshaft > 30 GPa Gupta et al. [27]
Healthy mice 10-45 GPa Karunaratne et al. [21]
Mice model with impaired extrafibrillar mineralisation 2-10 GPa Karunaratne et al. [21]
Bovine femur 13.5 GPa Currey [20]

Bovine femur

9.61, 15.58, 15.69 GPa

Ma et al. [16]
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