
Contents lists available at ScienceDirect

Colloids and Surfaces A

journal homepage: www.elsevier.com/locate/colsurfa

Quantitative analysis of complex nanocomposites based on straight
skeletonization
Pablo G. Tahocesa, Paula V. Messinab, Juan M. Rusoc,⁎

a Department of Electronic and Computation, University of Santiago de Compostela, Spain
bDepartment of Chemistry, Universidad Nacional del Sur, INQUISUR-CONICET, B8000CPB Bahía Blanca, Argentina
c Soft Matter and Molecular Biophysics Group, Department of Applied Physics, University of Santiago de Compostela, 15782, Spain

G R A P H I C A L A B S T R A C T

Example of the quntitative analysis of hydroxyapatite crystals.

A R T I C L E I N F O

Keywords:
Hydroxyapatite
Bioceramics
Digital image analysis
Skeletonization
Nanoparticles

A B S T R A C T

Bones are complex nanocomposites composed mainly by hydroxyapatite nanocrystals. Different factors char-
acterize its morphology: composition, length, orientation, roughness. To increase our understanding of the tissue
morphology at this fundamental lever of organization, a new method based on the straight skelonization of the
images obtained by electronic microscopy is proposed. The method detects and measures the length and an-
gularity of any straight edge of over the image. The technique resolved several test patterns independent of size
and angle of rotation. Several samples obtained from different substrates were analyzed with the method. The
results were consistent with those values obtained from conventional methods. Although still limited as a la-
boratory application, shape analysis has the potential to provide insight into the mechanisms of crystal growing
and may provide a basis for specifications or guidelines for the manufacturing of biomaterial for bone tissue
engineering. Our proposed automated computational method for the analysis and quantification digital images
of bone tissue at microscale provide a rapid and accurate of the mechanical properties of the tissue.
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1. Introduction

The bones are complex nanocomposites scaffolds composed mainly
by hydroxyapatite (HAP) nanocrystals arranged as parallel nanocrystals
with the c-axis aligned with the long axis in a collagen-rich matrix.
These nanocrystals have plate shapes with thicknesses of 2 to 7 nm,
lengths of 15 to 200 nm, and widths from 10 to 80 nm. The extra-
ordinary properties of bone arise from its complex hierarchically
structured geometry [1]. These structural features cover multiple length
scales from molecular to almost macroscopic dimensions. The origin of
many intrinsic mechanical properties lies in the smaller length scales:
submicron to nanometers [2]. On the other hand, the bone morphology
has to allow physiological functions such as osteoblasts migration,
proliferation and differentiation. For this purpose, it has developed an
extraordinary 3D architecture of interconnected pores. However, the
origin of these self-assembled arrangements are not completely under-
stood and the crystal structures of hydroxyapatite (HAP) and the non-
mineralized collagen fibrils alone do not provide a complete explana-
tion [3].

Disorders such as osteoporosis increase the probability of fractures.
Assuming that mechanical integrity is the gold standard of bones, it is
therefore important to take them into account and try to determine the
relationships between mechanical properties and HAP morphology. It is
believed that mechanical properties are strongly related with HAP
composition, sintering routes, compaction, size and orientation but it is
not well understood how changes occurring at this scale influence the
mechanical properties at higher length scales [4]. The diagnosis of
disorders related to bone loss involves determining bone density. For
this purpose, the most commonly techniques used are bone densito-
metry scanning (dual-energy X-ray absorptiometry) and quantitative
ultrasound (QUS) [5]. Despite the wide use of these powerful techni-
ques they have several restrictions arising from the difficulties of cov-
ering the meso- and nano- dimensions or the huge variety of properties
(sizes, shapes, physicochemical) involved in the systems. Besides,
manual analysis involves several problems including: less reliability
and feasibility, higher risks of negligence and mistakes, uncompleted
coverage or time consuming. Consequently, alternative computational
approaches may help to rationalize the assessment of these materials.
Computer analysis guarantee: less time for test, repeatability, objec-
tivity and reduced cost of assay.

Both techniques above mentioned involve the analysis of images.
Digital image analysis has become increasingly widespread over the
past decades and is used not only to collect data and represent it in the
form of an image but also to enhance the information and avoid human
subjectivity. Traditionally, the use of images has been restricted to the
scope of the extraction of qualitative information, as would be the
observation of the presence/absence of certain signs or the comparison
between the shapes of certain structures. This way of using the images

has the advantage of the immediacy, but the inconvenience of the
subjectivity of the information extracted. The arrival of the digital
format has opened the possibility of using the images as a quantitative
tool, for the analysis of experimental results.

Complex image analysis is not a trivial task. In most cases it is ne-
cessary to transform such complex structures into a map of unique
shapes, which can be modeled by mathematical analytic expressions.
The skeletonization of the image is an important step in transforming
complex images into a map composed of thin lines that follow the path
of the structures that make up the original image. Our intention here is
to develop a computer software to analyze and process images from
HAP crystal with the aim of linking automatically (and discover)
morphological parameters with mechanical properties of bone.
Alongside, it could be possible to discover new relationships between
the nano-arrangements and the macroscopic properties.

For this purpose, we have analyzed images obtained from different
experiments. Within each type of experiment there is considerable
flexibility in terms of choice of treatments, experimental conditions and
time. We will focus on quantitative rather than qualitative data and
subsequent statistical analysis. Finally, we think that this procedure not
only will be useful in bone regeneration, but also in other health and
materials areas where hierarchical structures will be present: tribology
[6] or wetting [7].

2. Methods

2.1. Concepts concerning the algorithm

In many occasions, as the result of an experiment, the most relevant
information obtained, is related with the distribution and orientation of
certain regular shapes along an image. Lines, circles or ellipsoids in
general, constitute in many cases a source of relevant information that
is necessary to extract in order to establish conclusions about the result
of an experiment. However, the process of extraction of such informa-
tion can became tedious, non-reproducible or even none directly ap-
plicable.

The main objective of the proposed algorithm is to automate the
process of extraction of information from images and more specifically,
the extraction of information related with the presence, distribution
and orientation of straight lines throughout the whole image. Examples
of such kind of situations can be observed in Fig. 1.a, where a binary
synthetic image composed by several lines is depicted. The algorithm
has detected every line and has assigned to each detected line the
equation of a straight line (Fig. 1.b). Thereby, each line belonging to the
image it is fully characterized, thus their number, their length and their
orientation can be now easily calculated.

However, usually lines are not explicitly present. It can be intuited,
as part of the border of the 3D structures shown in the image (Fig. 2A).

Fig. 1. Example of binary images.
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Moreover, the background is not uniform, making it difficult to analyze
the image by a human observer. The algorithm then, has first to
transform the original images to synthetic images where the most re-
levant borders are represented as thin lines and then, over such syn-
thetic image, perform an exhaustive search of such straight lines, to
calculate its number, length and orientation.

The algorithm can be described by means of five main steps: i) Noise
reduction, ii) structure enhancement, iii) thresholding, iv) artifacts re-
moval and v) detection of straight lines detection.

i) Noise reduction - is an optional step. However, for complex images
like Fig. 2 is advisable. In general, for these kinds of images, the
noise plays an important role when filters for structures enhance-
ment are applied. In such situations, if noise is not previously re-
moved, certain artifacts can appear within the image, derived from
this noise. If removal of noise is too aggressive, part of the struc-
tures that we want to detect could be removed. We have employed
for this task an anisotropic filter. The main characteristic of this
filter is that it works iteratively. It removes noise when perform in
each iteration, but it preserves the shape of the structures.

ii) Structure Enhancement - previous to the detection of the structures
inserted on the image, it is necessary to enhance such structures

from the background. Different filters have been proposed in the
literature for this task [8]. In our case we have employed a gradient
filter that has the capability of enhancing the high contrast regions
of the image that are related with the border of the structures
(Fig. 2B).

iii) Thresholding - a threshold is then applied to transform the multi-
toned image to a binary map with just two values: one for border
structures and zero for background (Fig. 2C). The main reason for
this step is to simplify the detection of structures which is main task
of the next step of the algorithm.

iv) Artifact removal - after applying the enhancement filter (step ii),
some artifacts arise in the form of small disconnected structures. To
remove such artifacts, a labeling process is performed. Thereby,
each pixel in the image is assigned to a region where all the pixels
are connected i.e. at least one of their eight neighbors should not
belong to the background. Regions with a reduced number of pixels
are considered artifacts and are removed in this step. Every region
now has a label assigned (Fig. 2D) and will be individually process
in the next step.

v) Straight Lines Detection - for each point in every labeled region,
thirty-two straight lines equi-spaced, within an arc of 180 °, are
traced. Thereby, hundreds or even thousands of straight lines are

Fig. 2. A) Example of hydroxyapatite crystals. B) Impressing of Fig. 2A after having applied a gradient filter. C) Impressing of Fig. 2B after thresholding. D) Image
tagged. Each color represents an individual structure, which is not connected to the rest. E) Lines automatically extracted by the computer. F) Same lines super-
imposed on the original image.
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traced for each structure generated in the second step of the algo-
rithm. Then, every straight line is iteratively compared with the rest
of the straight lines of the same region, by checking the paths be-
tween its corresponding extremes. If none of the points of each path
belong to the background, we can conclude that both lines belong
to the same structure. The straight line, with the shortest length will
be then eliminated. The lines that overcome this process, are sup-
posed to be, the best representation of each structure generated,
and its length and its slope are the length and slope of such struc-
ture. An example of how the algorithm works over a real image is
show in Fig. 2E and F where the result of applying the algorithm on
the image of the example is depicted.

2.2. Experimental section

2.2.1. Reagents
Sodium deoxycholate (NaDC), didodecyldimethylammonium bro-

mide (DDAB), hexadecyl-trimethyl ammonium bromide (CTAB), tita-
nium (IV) isopropoxide (TTIP, Ti (IV)(OiPr)4, δ=0.960 g cm−3, 97%),
poly (propylene glycol) 400 (PPG400, δ=1.004 g cm−3 at 25 °C),
polyvinyl alcohol (PVA, 119 g cm-³), poly (propylene glycol) (PPG,
δ=1.004 g cm−3 at 25 °C), sodium phosphate (Na3PO4, 96%), calcium
chloride (CaCl2, 99%), sodium nitrite (NaNO2, 97%), sodium chloride
(NaCl, 99,5%), sodium bicarbonate (NaHCO3, 99,5%), potassium
chloride (KCl, 99,5%), di potassium phosphate tri-hydrate
(K2HPO4•3H2O, 99%), di-basic sodium phosphate (Na2HPO4, 99,95%),
magnesium chloride hexa-hydrate (MgCl.6H2O, 98%), sodium sulfate
(Na2SO4, 99%), chloride acid sodium hydroxide (NaOH, 97%) were
obtained from Sigma- Aldrich and used as purchased. Butyl alcohol
(ButOH, δ=0.810 g cm−3, Merck), n-heptane (δ=0.684 g cm−3,
Merck), cerium valerate (Ce(Val)3) and (HCl, 30.0–34.0 % Cicarelli)
were of analytical grade. For solutions preparation, only triplet-distilled
water was used

2.2.2. Substrates
Spongy nanostructured SiO2, HAP and Mg-HAP nano-rods, striped

Ce-TiO2, TiO2 and CeO2-TiO2 nano cuboids were synthesized accord-
ingly to previous works [9–11] using bile salts (NaDC/DDAB) mixed
vesicles, CTAB/polymer mixed micelles and water/CTAB/ButOH/n-

heptane microemulsions systems and their modifications as templates
[12].

For mineralization assay, the samples were kept in contact with
simulated body fluid (SBF) following the standard procedure described
by Kokubo et al. [13,14] which has a non-protein ionic composition
analogous to that of human plasma, containing Na+ (142.0mM), K+

(5.0mM), Mg2+ (1.5 mM), Ca2+ (2.5mM), Cl− (148.8mM), HCO3−

(4.2mM), HPO4
−2 (1.0mM) and SO4

−2 (0.5 mM). The synthesized
materials were soaked in 1.5 SBF at 37 °C for periods of 5, 10, 15, 30
days, the specimens were removed from fluid, rinsed with distilled
water and dried. The temperature (37 °C) was maintained by placing
the samples in a thermostated bath throughout the experiment.

For mechanical characterization of mineralized ceramics, samples
were prepared by traditional pressureless sintering method [15] In-
itially, 1%wt polyvinyl alcohol (PVA) solution was mixed thoroughly
with powder samples. Following, the mixed powders through 100 mesh
sieves were biaxially compressed to cylindrical shape of
16.12 ± 0.30mm diameter and 13.80 ± 0.20mm height under the
pressure of 100MPa and sintered at 1150–1250 °C for 2 h under am-
bient atmosphere, with a heating rate of ∼10 °C/min. After furnace
cooled, to minimize internal cracks, all sintered samples were polished
to a 1mm finish prior to testing.

The compressive strength of cylindrical samples along the long-
itudinal direction were measured with a dynamical mechanical ana-
lyzer, Instron Universal Testing Machine (Model 3369) using a 5000 N
load cell at a strain rate of 0.01mm s−1.

3. Results

As we have pointed out in the previous section, the morphological
characterization of HA crystals has traditionally been performed
manually by measuring one by one each of the leaves in the images. In
this section, the power of the quantitative shape analysis of the skele-
tonization algorithm proposed is experimentally tested. There are two
main properties quantifying the HA morphology which are of major
significance and which can be measured experimentally: length and
orientation. For this purpose, we have chosen different images obtained
from our own experiments and from general bibliography. Tables 1 and
2 show the mean values obtained for the length and the orientation

Table 1
Average lengths achieved from the images obtained from the substrates indicated in the table.

Time Avg Length (μm) Manually Traced
Manually Measured
(MT / MM)

Avg Length (μm) Manually
Traced
Computer Measured
(MT / CM)

Avg Length (μm) Computer Traced
Computer Measured
(CT / CM)

Avg Length (μm) Computer Traced
Computer Measured
Corrected by Model
(CT / CMC)

Spongy nanostructured SiO2 / substrate template: NaDC-DDAB mixed vesicles [8]
5 days 1.09 ± 0.25 1.28 ± 0.26 0.90 ± 0,23 1.30 ± 0.38
10 days 0.94 ± 0.25 0.84 ± 0.37 0.60 ± 0.25 0.81 ± 0.41
30 days 1.20 ± 0.36 1.10 ± 0.44 0.71 ± 0.29 0.97 ± 0.45
HA nanorods / substrate template: CTAB-PPG rod-like mixed micelle [9]
10 days 0.15 ± 0.03 0.17 ± 0.03 0.16 ± 0.04 0.08 ± 0.06
HA nanorods / substrate template: CTAB-PEG rod-like mixed micelle [9]
10 days 0.12 ± 0.02 0.14 ± 0.01 0.15 ± 0.03 0.06 ± 0.04
HA nanorods / substrate template: CTAB/PEG-PPG-PEG rod-like mixed micelle [9]
10 days 0.20 ± 0.04 0.26 ± 0.06 0.24 ± 0.04 0.21 ± 0.07
TiO2 nanoparticles / substrate template: water/CTAB/ButOH/n-heptane [10]
10 days 0.19 ± 0.05 0.24 ± 0.04 0.23 ± 0.05 0.20 ± 0.08
Striped Ce-TiO2 / substrate template: water/CTAB/ButOH/Ce(Val)3/n-heptane
10 days 0.15 ± 0.03 0.20 ± 0.03 0.21 ± 0.04 0.17 ± 0.06
21 days 0.23 ± 0.04 0.27 ± 0.02 0.29 ± 0.05 0.30 ± 0.08
24 days 0.29 ± 0.05 0.31 ± 0.05 0.29 ± 0.04 0.29 ± 0.06
CeO2-TiO2 nanoparticles / substrate template: water/CTAB/ButOH/n-heptane+CeO2 nanoparticles [21]
60 days (0.86%) 1.20 ± 0.41 1.28 ± 0.39 0.90 ± 0.26 1.31 ± 0.43
60 days

(2.13%)
0.22 ± 0.06 0.29 ± 0.04 0.29 ± 0.05 0.30 ± 0.09

Mg doped [15]
10 days 0.07 ± 0.01 0.08 ± 0.01 0.13 ± 0.01 0.03 ± 0.02
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(kurtosis and skewness) respectively of HA crystals over different sub-
strates. For length, we have included the results achieved by four dif-
ferent methods: i) Manually Traced / Manually Measured (MT / MM).
In this case the selection of the straight structures of the image was
made by hand, by means of an electronic pencil over a touch screen.
Each structure was then measured, also by hand, with an electronic
caliper. ii) Manually Traced / Computer Measured (MT / CM). Straight
structures were obtained by hand, but the computer has automatically
detected and measure such structures. iii) Computer Traced / Computer
Measured (CT / CM). In this case, the computer was responsible, for the
selection of the straight lines representatives of the structures of the
image. Moreover, the computation of the length of each structure was
also performed by the computer, without any human interaction. iv)
Computer Traced / Computer Measured Corrected by Model (CT /
CMC). Like iii), but in this case, before computer measurement, a ca-
libration procedure was performed. Thereby, a mathematical model
based in experimental results was built to adjust the zero value (the
lower end of the measurent range) and the span (the algebraic differ-
ence between the upper and lower range values). We have to point out
that the calibration procedure does not modify the correlation among
the results obtained. Therefore, the correlation between CT /CM is the
same as the achieve after calibration procedure is performed (CT /
CMC). For orientation analysis, for every image the histogram of the
values of the angle of each line was obtained. Then, kurtosis and the
skewness of such histograms were calculated as descriptors of the dis-
tribution (narrow or wide) of such lines orientation. Even though the
lines over the image were independently traced both by hand and by
the computer software, computation of the angles were performed only
by the computer. Thus, results for MT / CM and CT / CM were solely
presented (see Table 1). To make sure that this procedure does not
disturb our conclusions, we have previously checked, in a small set of
lines, that manual measurement of each angle is not only tedious, but
hardly differ of the value obtained from the computer.

Fig. 3.a shows the correlation between both MT / MM and MT / CM
methods. A correlation coefficient of 0.986 was achieved in this case.
The measures obtained by both procedures drop over a straight line of
45 ° of slope (red line), demonstrating the good agreement between
both methods. Fig. 3b shows the correlation between both MT / MM
(fully manual) and CT / CM (fully computer) methods. A correlation
coefficient of 0.946 was achieved in this case. Thereby, a lineal re-
lationship between both procedures is demonstrated. However, results

obtained are different (but proportional) and a calibration procedure
must be stablishing, to adjust zero and span (Column CT / CMC of
Table 1). Worst results, after calibration, correspond with low quality
images (see Table 1). CTAB-PEG rod-like mixed micelle and Mg doped
(Fig. 4) are some clear examples. By the contrary, for most of the cases,
the results achieved are encourageous (See Fig. 5).

In terms of angles (Table 2), the high dispersion of the results ob-
tained, demonstrate the random spatial orientation of the structures
extracted, for both manual and computer methods. This conclusion can
be also established by the visual analysis of the images involved in the
study.

4. Discussion

As shown in Table 1, both methods exhibit similar values and
trends, it is noticeable the proximity between both set of data, the
average difference between both methods is below 0.1 μm. Only sam-
ples with low quality images show significant discrepancy. Overall, this
agreement suggests that the ideas involved in our method are helpful
relating to the morphological characterization of nanostructured sys-
tems. We also believe that these results would be better if we had more
quality images to analyze; this could be performed in future studies.

Here, the obligatory inquiry is the analysis of HA crystal length
variations as a function of time and samples. Although the mechanism
of hydroxyapatite coating formation in a biological environment on
bioactive materials is not completely elucidated some of its character-
istics are widely accepted such as: the evolution of the amorphous re-
gion and the crystallized region related to the crystallization of amor-
phous phase is a diffusion-controlled process, driven mainly by the
calcium and phosphorous ion diffusion rates [12,16,17]; or the thick-
ness of the HA coating increases with time and reaches a saturated point
after around ten days of soaking [18,19]. For these reasons most of the
studies focus on the evolution of the coating during the first ten days, as
can be observed in Table 1. Only longer times (20 or 60 days) were used
for samples doped with Ce, because these materials were intended as
oxygen storage systems (Ce has a great ability to scavenge free radicals
[20]) for industrial applications, instead of medical applications. All
these elements in addition to the results listed in Table 1 and the bib-
liography [21] allow us to conclude that the definitive length of the HA
crystals is reached after two or three days, a time less than needed for
saturation, as we have already pointed out. Once the final size is

Table 2
Average angles achieved from the images obtained from the substrates indicated in the table.

Time Avg Angle (degrees)
Manually Traced
Computer Measured

Avg Angle (degrees)
Computer Traced
Computer Measured

Kurtosis / Skewness Compressive
Modulus (MPa)

Spongy nanostructured SiO2 / substrate template: NaDC-DDAB mixed vesicles [8]
5 days 101.33 ± 52.26 92.64 ± 50.53 −1.14 / -0.23 42.1
10 days 88.75 ± 63.99 94.61 ± 57.63 −1.23 / -0.17 39.5
30 days 81.95 ± 57.75 78.49 ± 53.31 −0.88 / 0.41 41.9
HA nanorods / substrate template: CTAB-PPG rod-like mixed micelle [9]
10 days 95.28 ± 50.45 92.53 ± 41.98 −0.72 / 0.01 30.4
10 days 104.58 ± 48.69 86.70 ± 56.74 −1.25 / 0.01 31.2
HA nanorods / substrate template: CTAB/PEG-PPG-PEG rod-like mixed micelle [9]
10 days 81.99 ± 62.60 79.58 ± 61.01 −1.53 / 0.32 30.8
TiO2 nanoparticles / substrate template: water/CTAB/ButOH/n-heptane [10]
10 days 103.15 ± 53.44 89.52 ± 53.39 −0.28 / -0.11 61.6
Striped Ce-TiO2 / substrate template: water/CTAB/ButOH/Ce(Val)3/n-heptane
10 days 91.46 ± 53.44 84.91 ± 53.39 −1.43 / -0.27 69.5
21 days 109.89 ± 40.61 92.45 ± 55.53 −1.37 / -0.20 69.0
24 days 95.76 ± 46.55 95.67 ± 51.50 −1.12 / -0.05 69.3
CeO2-TiO2 nanoparticles / substrate template: water/CTAB/ButOH/n-heptane+CeO2 nanoparticles [21]
60 days (0.86%) 95.48 ± 47.72 99.71 ± 49.40 −1.06 / -0.26 68.5
60 days

(2.13%)
92.16 ± 49.20 98.09 ± 47.03 −1.12 / -0.05 71.3

Mg doped [15]
10 days 93.47 ± 50.89 93.44 ± 60.58 −1.43 / -0.18 67.9
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reached, the variations are minimal and fall within the uncertainty of
the measures.

Another interesting point is the ability of the substrate to influence
the maximum length of the HA crystals. According to the results ob-
tained it seems obvious that the substrate templated with bile salts

(NaDC-DDAB) are what generate the largest crystals. Although Ce-
doped TiO2 nanoparticles also give very large values, two factors can be
the cause of this: on the one hand the large time involved (60 days) and
on the other the influence that the atoms of cerium have on the final
morphology of the samples, deforming the HA crystal lattice which

Fig. 3. a. Plot of the Average Length obtained by the methods
MT / MM vs MT / CM. Black line corresponds with the straight
line obtained after lineal adjustment. Red line is a straight line
of 45 ° slope, included for comparison. b. Plot of the Average
Length obtained by the methods MT / MM vs CT / CM. Black
line corresponds with the straight line obtained after lineal
adjustment. Red line is a straight line of 45 ° slope, included
for comparison (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article).

Fig. 4. Low quality image examples. HA nanorods / substrate template CTAB-PPG rod-like mixed micelle (left) and Mg doped (right).

Fig. 5. left Striped Ce-TiO2 (left) and Spongy nanostructured SiO2 (right).
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results in the formation of fullerene-like structures. Previous publica-
tions have shown that titanium has a good catalytic ability to favor the
nucleation and growth of hydroxyapatite. However, it is important to
note that the effectiveness of the crystal growth does not depend only
on the composition but also on the structural arrangements. In the case
of titanium, the efficiency of growth depends on the mineral form
present: apatite is the most efficient followed by rutile and brookite.
Consequently, the length of the crystals depends on the concentration of
these phases, which depend enormously on the route of synthesis [22].
Going back to the bile salts, this templates under specific synthesis
conditions generated an open bioactive mesoporous architecture with a
tunnel-like lattice very similar to those presenting the trabecular bone
[23].

In order to get insight into the crystal orientation in two dimensions,
our software also allows to obtain the distribution of the main or-
ientations (expressed in angles) of the HA crystals. The value of the
average angle and histograms obtained can be consulted in Table 2 and
Fig. 6, respectively. Table 2 shows the average values that were ob-
tained automatically. In this case it can be detected a greater homo-
geneity than that obtained for the lengths. The mean average values for
all the samples under study were found to be 91°. However, as dis-
played in the histograms plotted in Fig. 6, due to a relatively wide range
of the distributions obtained, one cannot simply establish the validity of
the mean value. In the liquid crystal state, nematic and smectic phases
the molecules tend to point in the same direction, whereas in the liquid
phase they are randomly arranged. Steric effect such as dipole–dipole
interactions, exclude volume effect, dispersion forces or hydrogen
bonding promote this alignment [24,25]. Consequently, we attribute
the disorder in the orientation of the crystals to the strong contribution
of ionic and covalent bonds that shield any steric interaction.

The morphological characteristics of the surface of the samples can
be known through two statistical parameters: skewness and kurtosis.
Positive values of skewness correspond to a surface with wide valleys
and narrow peaks. If the values are negative the profiler of the surface
will be exactly the otherwise. The kurtosis is related to the sharpness of
the surface, if it is greater than three the peaks and the depressions will
be narrow and sharp; if it is less than three peaks and valleys will be
wide and blunt. Our results reveal some patterns. Kurtosis is always
negative; this means wide grooves and blunt peaks. Skewness values are
mostly negative, and the positives ones are very close to zero. The mean
value of kurtosis was higher than the mean skewness value. It is clear

that differences in values in both quantities cause a different crystal
nucleation and growth. Surface texturing that results in a larger and
more negative kurtosis and skewness is characterized by a wider spa-
cing between the peaks and seems to be the preferred sites for the
nucleation and growth of HA crystals [26].

As we have already commented the mechanical properties of the
bone depend on many factors being the most determinant the volume
fraction of the elements of the mineral phase. However, recently
Jimenez-Palomar et al. [27] shew the important relevance that the
mineral platelet orientation has in strength and elastic modulus of the
bone. Although this study focused on a higher hierarchical scale, it
highlights the importance that spatial organization at the micro and
nano level has on macroscopic properties such as stiffness and elasti-
city. The distribution of the angles we obtained from our samples did
not reveal specific orientations, so in our case we consider that the most
relevant variable could be the length of the crystals. For this purpose,
we carry out uniaxial compression measurements within controlled
environmental conditions. The stress versus strain graphics showed that
all materials have similar behavior: linear response at low deformations
and plastic deformation at higher ones. A similar pattern has been
found in bone tissue samples [28,29]. This deviation of linearity has its
origin in the crystallographic properties of the hydroxyapatite, that not
being an atomic crystal experience more limits to deformation along
certain crystallographic directions [30]. The obtained compressive
moduli for the samples are listed in Table 2. It can be observed that time
hardly has influence on the stiffness of the samples. On the other side,
there is an increased stiffness when nanoparticles (TiO2) are in-
corporated, revealed by the expansion of the compressive modulus.
Previous studies have shown that the effect of nanoparticles on the
mechanical properties is very heterogeneous [31,32]. The addition of
carbon nanotubes [33] or graphene oxide [34] had almost no impact on
the stiffness of the material. However, the system composed by poly(3-
hydroxibutyrate) and HA nanoparticles improves the mechanical
properties with HA concentration [35]. Thus, the mechanical properties
will depend on the degree of the component interlocking. In the former
example the nanoparticles act simply as fillers that did not increase the
compressive modulus of the sample. The later correspond to a system
with strong interfacial hydrogen bonds between HA and the polymer
causing a good stress.

Finally, focusing in the first three systems, SiO2 and HAP substrates
templated by bile salts and polymers PPG and PEG, it is evident that the

Fig. 6. Three examples of the obtained results of the proposed image analyzer. Hydroxyapatite crystal layer deposited on different substrates: spongy nanostructured
SiO2 templated by NaDC(0.8)-DDAB(0.2) mixed vesicles (left); Striped Ce-TiO2 templated by water/CTAB/ButOH/Ce (Val)3 /n-heptane microemulsion (middle);
HAP nano-rods template by CTAB/PPG mixed micelles (right). Top line: Crystal picture. Bottom line: slope histograms.
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length of the crystals has a clear effect on the mechanical properties:
longer crystals produce more rigid materials.

5. Conclusions

In this study, we have developed an automated computational
method for the analysis and quantification of the main morphological
characteristics of hydroxyapatite nanostructures from two-dimensional
digital images. These characteristics includes meaningful measurements
of length, orientations, kurtosis and skewness. Among the most out-
standing novelties of the proposed algorithm, one can highlight the
detection and elimination of artifacts, and the ability to discern be-
tween overlapping straights or belonging to the same structure, in ways
that automatically Identifies and selects the longest or most re-
presentative of the area. The software was checked with varying
structures and images of different quality. In all cases, the results of our
software were always better than those obtained manually or semi-
automatic. Finally, we have related a macroscopic property as the ri-
gidity with the parameters obtained from the analysis of the images. We
are aware that the number of images used is relatively limited and the
lack of a general conclusion linking the microscopic characteristics
analyzed with macroscopic properties, such as hardness, of the mate-
rials. However, as the image analysis becomes more popular, our
method will become a very useful tool to extract information in an
objective and automatic way, increasing the existing databases, thus
allowing obtaining of conclusions of a general nature. Finally, to
comment that this software, in addition to its use in bone regeneration
materials, could be used in other areas of great interest such as elec-
trospinning, textile industry or 3D printing.

Lastly we want to remark that, for reproducibility purposes, we have
included the software and some examples we used as experimental
setup on the website https://persoal.citius.usc.es/pablo.tahoces/
demoSL/, as part of our contribution.
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