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Abstract: A comparative analysis of the effects of polyhedral oligomeric silsesquioxane (POSS)
and hydroxyapatite (HA) for reinforcing chitosan (CS) is given here. Wet-spun CS nanocomposite
fibres, blended with HA or POSS nanoparticles, at varying concentrations ranging from 1 to 9%
(w/w) were stretched until rupture to determine the mechanical properties related to the elasticity
(yield strength and strain, stiffness, resilience energy) and fracture (fracture strength strain and
toughness) of the composite. Two-factor analysis of variance of the data concluded that only
the fracture-related properties were sensitive to interaction effects between the particle type and
concentration. When particle type is considered, the stiffness and yield strength of CS/POSS
fibres are higher than CS/HA fibres—the converse holds for yield strain, extensibility and fracture
toughness. With regards to sensitivity to particle concentration, stiffness and yield strength
reveal trending increase to a peak value (the optimal particle concentration associated with
the critical aggregation) and trending decrease thereafter, with increasing particle concentration.
Although fracture strength, strain at fracture and fracture toughness are also sensitive to particle
concentration, no apparent trending increase/decrease is sustained over the particle concentration
range investigated here. This simple study provides further understanding into the mechanics
of particle-reinforced composites—the insights derived here concerning the optimized mechanical
properties of chitosan composite fibre may be further developed to permit us to tune the mechanical
properties to suit the biomedical engineering application.

Keywords: hydroxyapatite; polyhedral oligomeric silsesquioxanes; elasticity; fracture; particle shape;
particle concentration; Weibull model

1. Introduction

To overcome the limitations of biopolymers, such as low stiffness and strength, and to enable
these materials to have wide applicability, inorganic particulate fillers are often blended with the
biopolymer to form a composite material that possesses enhanced stiffness and strength [1-3].
This study is concerned with chitosan (CS) biopolymer, a linear polysaccharide that can be
derived from the alkaline N-deacetylation of chitin [4,5]. Chitin is the main structural component

J. Compos. Sci. 2017, 1, 9; d0i:10.3390/jcs1010009 www.mdpi.com/journal/jcs


http://www.mdpi.com/journal/jcs
http://www.mdpi.com
https://orcid.org/0000-0002-1813-7641
http://dx.doi.org/10.3390/jcs1010009
http://www.mdpi.com/journal/jcs

J. Compos. Sci. 2017, 1,9 20f17

of the shells of crustaceans, the exoskeletons of insects and the cell walls of fungi [4-8].
CS polysaccharide is a copolymer comprising (3-(1-4)-2-amino-D-glucose (deacetylated unit) and
(3-(1-4)-2-acetamido-D-glucose (acetylated unit) [4,5]. When the amount of deacetylated unit is higher
than 50%, the resultant compound is known as chitosan, otherwise it is known as chitin [4,5]. CS has
been a subject of great interest owing to its biocompatibility-related advantages, notably anti-clotting,
biodegradability [4,9], antimicrobial and low toxicity (even in blends) [10-12]. Thus, it can be used
for medical products such as bandages and implants, or grafted with compounds to yield chelating
agents that can be used in water filters [10-12].

A key concern about employing CS in a number of these applications is the low mechanical
strength and stiffness [5]. The low values of the mechanical properties of CS limit the
applicability for tissue engineering, particularly as implants for soft connective tissues. According to
Di Martino et al. [13] and the references therein, the hydrated CS has tensile moduli of 0.1-0.5 MPa
(porous membrane) but 5-7 MPa (non-porous membrane). Albanna et al. [14] reported that
dehydrated CS fibres have tensile moduli of 2-10 MPa. CS membranes appear to possess higher
stiffness; tensile modulus for CS (solution-casted) membranes was found to be in the range of
400-800 MPa [15,16]. Electrospun CS membranes could exhibit a lower tensile modulus of about
300 MPa [17]. CS (solution-casted) membranes have an extensibility (i.e., maximum strain to rupture)
of about 0.3 [16]; the extensibility of electrospun membranes varied from 0.3 [13,17] to 1.0 [13];
this variability depends on the pore size and pore orientation [13]. Albanna et al. [14] reported
that CS fibres have extensibility values ranging from 0.10 to 0.25. With regards to tensile strength,
porous CS structures were found in the range of 30-60 kPa (Di Martino et al. [13] and therein).
Liu et al. [15] reported that the CS (solution-casted) membrane has a tensile strength of about 20 MPa.
Albanna et al. [14] reported that the CS fibres have tensile strength of 0.4-1.4 MPa. Overall, the strength
and modulus of CS materials are much lower than those of soft connective tissue [18], such as skin [19],
tendons [20-22] and ligaments [23,24].

To this end, attempts have been carried out to ‘tune’ the mechanical properties of the CS material
by blending with nanoparticles made from, e.g., hydroxyapatite (HA) [25] or silsesquioxane [26,27].
The physical and chemical properties of blends of CS containing HA particles have been well
investigated [25,28-34], and CS/HA composites have been proposed for making implantable scaffolds
to achieve the desired magnitude of the respective mechanical properties by ‘tuning’ the HA
concentration [30]. The optimised composite is then expected to be useful for influencing the
lineage of scaffold-seeded stem cells to generate an extracellular matrix that is compatible with
the microenvironment of the host tissue, as well as provide structural support to the host tissue [14].
Blends of CS containing silsesquioxane, namely polyhedral oligomeric silsesquioxane (POSS) particles,
have attracted some investigations [26,35,36] and may be a potential alternative to CS/HA. POSSs are
compounds having a polyhedral siloxane cage, with the formula (RSiO; 5),, (where nn = 6, 8, 10, 12 and
R = H or organic substituents) [27]. The most common molecular formula of POSSs is 1 = 8; the overall
size of the molecule is about 1-3 nm [27]. The key practical advantages of using POSS for blending
with polymers are summarized as follows (Reno et al. [37], Blanco et al. [27] and therein). (A) POSS
are organosilica three-dimensional, cubic building blocks containing an inorganic inner siloxane core
that can be chemically modified at each of the eight corners of the POSS unit. (B) POSS featuring
reactive organic groups can be employed as cross-link agents for the preparation of hybrid hydrogel
samples. (C) POSS molecules are physically dispersed through weak interactions with the polymeric
matrix. This latter approach has important advantages in terms of low cost and synthesis time. (D) It is
noted that a homogeneous dispersion of POSS in the matrix may be easily obtained [38-41]. However,
only a limited amount of work has been carried out on CS/POSS blends compared to CS/HA blends.
For structural applications, the single most important question that has yet to be addressed adequately
is how do the magnitudes of the mechanical properties of CS/POSS compare to CS/HA, all things
being equal?
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To this end, an in-depth analysis of POSS and HA particles for reinforcing CS composite materials
has been carried out. Here, both CS/POSS and CS/HA fibres were synthesized by a wet spinning
method. The analysis addresses the effects of the particle types (i.e., POSS or HA) and concentration as
well as the interaction between the two factors on CS composite. The arguments that underpin the
effects of particle concentrations have been investigated for the respective particles and reported in
the literature [25,26]. However, most of the reports involve experiments with particle concentration
as a single treatment and the experimental conditions are not necessarily the same. Thus, from the
material design perspective, optimisation-related arguments concerning the effects of particle types
and concentration and the interaction between the two on CS composite seem to be much less well
established. To clarify which types of particle would exhibit advantages over the other, as well as
to broaden our understanding of the underlying mechanisms of nanoparticulates for reinforcing
chitosan composite material, this study investigates the effects of particle type, at varying particle
concentrations, on the chitosan composite elasticity and fracture. We hypothesize that the underlying
shape of the respective particle type and agglomeration, as well as the interaction between the two
factors, influences the mechanical properties of the chitosan composite. A statistical approach, i.e., the
two-factor analysis of variance (ANOVA), was used to evaluate the mechanical data and determine
the influence of particle type and concentration on the mechanical properties of these CS composite
fibres. The mechanical reliability of the nanocomposite was analysed using the Weibull model.

2. Materials and Methods

2.1. Preparation of Chitosan Fibres

The POSS used in this study refers to aminopropylphenyl POSS (AM0272; Hybrid Plastic Inc.,
Hattiesburg, MS, USA). HA was obtained from Sigma-Aldrich, St. Louis, MO, USA. The CS (85%
deacetylated) used in the study were also purchased from Sigma-Aldrich.

CS-based solutions were prepared at the predetermined particle concentrations of the respective
HA and POSS, following a protocol that had been reported in a previous study for CS/POSS fibres [26].
Here, a 1.5% w/v concentration of CS to acetic acid was prepared (NB: 1% w/v is equivalent to
0.01 g/mL), and 10 mL of 1% concentration acetic acid was used as a solvent to dissolved 0.15 g of
CS. The solution was then stirred at a constant rate of 700 rpm at room temperature. HA and POSS
of concentrations 1% (w/w), 3% (w/w), 5% (w/w), 7% (w/w) and 9% (w/w) were added to the CS.
(These concentrations corresponded to the masses of 0.0015 g, 0.0045 g, 0.0075 g, 0.0105 g, and 0.0135 g,
respectively.) For the CS/POSS blending process, first of all the CS solution was stirred at a constant
rate of 700 rpm for 4 h to ensure that the CS was completely dissolved. Consequently, after the POSS
was added, the blend was stirred at a constant rate of 700 rpm at room temperature for 18 h before
it was introduced into the wet spinning device. Similary, for the CS/HA blending process, the CS
solution was stirred at constant rate of 700 rpm for 4 h before the HA was added. After the HA was
added, in order to avoid prolonged exposure of HA in an acidic pH environment, the CS/HA blend
was stirred at constant rate of 700 rpm for 2 h before it was subjected to the wet spinning process.

CS-based fibres were processed by a wet spinning method, outlined as follows. Figure 1A
illustrates a setup of the apparatus for this method. Overall, the process involved (A) extruding
the CS solution (containing the particles), through a spinneret, into a coagulation bath containing a
non-solvent where the precipitation of the CS-based fibres occurred [25,26,42]; (B) washing the fibres to
remove coagulant remains; and (C) winding up the fibres using a bobbin [25,26,42]. The dope (i.e., the
blend solution) was made to flow through a syringe pump set at rate 5 mL /min. This dope was then
pumped through an epoxy-cured silicone tube into a bath of 1 M of NaOH (i.e., a coagulation bath).
Before starting to pump the dope through the system, the tube was first used to deliver a 1 M NaOH
solution at a rate of 5 mL/min. Then, the dope was mixed with the coagulant solution at a junction;
it was in this bath that the CS would precipitate into a fibre-like form. The CS-based fibres were left
in the coagulant solution for 15 min (Figure 1B); thereafter they were removed from the coagulant
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solution and rinsed with deionised water. Removing the fibres from the solution by winding them
around a cylindrical bobbin helped to laterally deform the fibre to achieve a ribbon-like cross section
(inset in Figure 1B). The result of the ribbon-like shape resembled a near-triangular cross section when
viewed under a field-emission scanning electron microscope (FE-SEM, JEOL JSM-6390LA, JEOL Ltd.,
Tokyo, Japan) (results not shown).

NaOH solution Syringe

Chitosan composite
A fibres

15kV X800 20 u

NE - -'_A_-,-_«-a\
15 kV X1,100 15 kV X1,300 10 um

Figure 1. The chitosan composite fibres. (A) Set-up of the wet spinning process; (B) wet-spun
chitosan-based fibres in a petri dish (inset shows a micrograph of the fibre taken using an optical
microscope). Low magnification scanning electron micrographs (SEMs) of the cross-section of chitosan
fibre reinforced by hydroxyapatite (HA) (C) and polyhedral oligomeric silsesquioxane (POSS) (D);
panels (E) and (F) show the SEMs of the respective fibres at higher magnification.

2.2. Tensile Testing

The fibres were tested to rupture using a custom-built micromechanical tester [26]. Ten tensile
specimens were prepared—according to a method described in previous study [26]—for each of the
different combinations of particle type and concentration. Before the test began, the gauge length
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(i-e., grip-to-grip distance) and cross-sectional area (identified with the area of a triangle) of each fibre
specimen were recorded. Specimens were stretched to rupture at a displacement rate of 0.067 mm/s.
The fracture morphology of the microstructure was examined using a FE-SEM. The force versus
displacement data for the respective specimen were evaluated to derive the stress—strain curve. Here,
stress was determined from the force divided by the cross-sectional area of the fibre; strain was
determined from the ratio of the fibre displacement to the gauge length. Following the definition based
on previous reports [26], the yield point (which is identified by the point of inflexion between the origin
and the maximum stress point on the stress—strain curve) was used to determine the yield strength
(oy), yield strain (ey), stiffness (E), and strain energy density to yielding (uy), otherwise known as
resilience energy). The maximum stress point was identified to correspond to the fracture strength
(oy) and the fracture strain (ey, otherwise known as extensibility); the strain energy density to fracture
(up, otherwise known as fracture toughness) was determined up to this point [26,43].

2.3. Statistical Analysis

Two-factor ANOVA was primarily used to test our hypotheses (Section 1), i.e., that the particle
type and concentration have significant effects on the respective mechanical properties and that
interactions occur between the two factors, at an alpha level of 0.05. When interaction effects caused a
masking of the results (such as in the case of CS/HA versus CS/POSS), a Student’s t-test was used to
analyse for differences at the respective levels. A test was regarded as significant when p value < 0.05.

2.4. Weibull Model

To analyse the mechanical reliability of the composite fibres, the Weibull model was
applied to evaluate the mechanical data. Let 3 and oy represent the Weibull modulus and the
characteristic strength, respectively. Adapting the method for fracture analysis (probabilistic approach)
from a previous study on CS/HA with respect to particle concentration versus crystallisation
temperature [34], according to Weibull’s empirical law [44], the cumulative distribution function
(C) of the yield /fracture stress of the CS composite fibre, o, for determining failure due to flaws is
givenby C(0) =1 — exp(—[cf/cro]f’).

To apply the Weibull law to the probabilistic analysis of the yield /fracture of the CS composite
fibre, first one notes that 3 quantifies the variability of o; low 3 values correspond to high variability
and vice versa [44]. Second, one notes that o is the stress value at which 63% of the fibres have
yielded/fractured [44]. Normally, for the convenience of analysis the C function is replaced by the
reliability function, R (=1 — C), which describes the proportion of the population of specimens sampled
that survive at fracture stress o. Thus the expression for R is given by

R(0) = exp(—{a/00}P). M
Additionally, the median rank position,
M={i - 03}{n+04} -1, )

where n represents the size of the treatment group and i is the position of the corresponding o, is
numerically identified with the R. It then follows that M is used to compute the R as an intermediate
step in the Weibull analysis.

We have adopted the following practical approach to evaluate 3 and oy for the different treatment
groups, namely CS/HA versus CS/POSS and particle concentration levels. First, we determined
the M for each experimentally derived value of o (i.e., oy or oy). This was carried out by ranking
the magnitudes of the o (i.e.,, oy or oy) in ascending magnitude. The corresponding estimates of
M were evaluated using Equation (2). Second, we fitted straight lines to the so-called Weibull plot
of log(log(1/{1 — M(0)})) versus log(o) for each group. Finally, the value of  was identified with
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the slope of the respective straight lines; the value of oy was found after equating —Blog(oy) to the
y-intercept of the straight line.

3. Results

3.1. Fracture Morphology

The overall fracture morphologies for the CS/HA and CS/POSS fibres (Figure 1) appear somewhat
similar. The fractured planes are near-perpendicular to the axis of the fibre, suggesting that the fibres
fail by brittle fracture. All fibres exhibit similar fissures and projection features. These could be
attributed to a combination of the following modes of failure: (A) detachment (i.e., pullout) of the HA
or POSS particles from the chitosan matrix (inter-granular failure); (B) fracture of the HA or POSS
particles (trans-granular failure). POSS compounds are in the form of nanoparticles; in principle
these could be observable in the fibres using a SEM with high magnification. So far, these are the
best images that one could derive from SEM imaging. Here we also noted that the images reported
elsewhere by other researchers reveals POSS in large particulates on the order of 1 um, when blended
in a chitin matrix [8]. Note that the ribbon-like profile of the fibre cross section was the result of lateral
compressive forces that were generated by the extruded fibre by winding around a bobbin during the
wet spinning process. Of note, the ribbon-like profile could present an advantage as it possesses a
greater surface area for cell adhesion. Additionally, if the fibres could be laid down in the form of a
mesh, the ‘pores’, i.e., the space between the fibres, need to be sufficiently large for cells to migrate
into the mesh, where they eventually become bound to the surfaces in the scaffold. Nevertheless,
the design of a scaffold mesh made from such CS fibres is promising but further work is required to
optimise the fibre surface area per unit volume (As4) and pore size (Dpore) [45,46].

We have not attempted to mesh our fibres as the main focus is on the properties of the single fibre.
In our samples, the ribbon-like profile provides a broad surface of about 2pi x 40/2 (um) = 126 um.
To this end, we could expect that the pore sizes are on the order of 100 um or more. Fibroblasts are on
the order of magnitude of 40-60 um [47]. Osteoblasts and chondrocytes are on the order of 10 pm [48].
More importantly, the sizes of these cells are consistent with the dimensions of the fibre thickness, as
well as the predicted size of the pore.

If a scaffold (meshed) is to be fabricated from CS/HA or CS/POSS fibres, the first issue to address
is how to lay down the fibres with regards to having a fibre orientation predominated by primary
fibres in one direction (to provide certainty in strength and stiffness) and randomly oriented secondary
fibres. What then is the mechanical property of this configuration? It turns out that for such a design,
the strength of the mesh (which is related to the probability of rupturing of a fibre section) is dictated
by the Weibull distribution of stresses (Section 3.4). The overall tensile strength of the mesh (when
gripped at both extreme ends to stretch to rupture) would be lower than that of a single fibre [49].

3.2. Effects of Particle Type and Concentration on the Elastic Properties

To begin, we have found significant differences (p < 0.05) for the respective E (Figure 2A) and oy
(Figure 2B) versus particle concentration and particle type. No significant interaction between the two
factors is observed (p > 0.05). For the main effects of particle type, the mean E and oy of the CS/POSS
fibres are higher than those of the CS/HA fibres. As for the main effects of particle concentration,
the mean E and oy are highest at 3% (w/w) and lowest at 9% (w/w) particle concentration. It can be
concluded that (A) the CS/POSS fibres are stiffer and have higher yield strength than those of CS/HA;
and (B) an optimal particle concentration that leads to the highest stiffness and yield strength occurs at
3% (w/w).
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Figure 2. Interaction (left panel) and main effects (right panel) of particle concentration (% w/w) and
particle type on the elasticity-related properties of chitosan-based fibres reinforced by hydroxyapatite
(HA) versus polyhedral oligomeric silsesquioxane (POSS) particles. Symbols: (A) E, elastic modulus;
(B) oy, yield stress; (C) ey, yield strain; (D) uy, strain energy density for resilience.

The p value for the effects of particle type on ey is small (p = 0.002), revealing strong evidence
of the influence of particle type on ey (Figure 2C). However, this is not the case for ey versus particle
concentration (p = 0.707). Since the p value for the interaction between particle concentration and
particle type is much greater than 0.05 (interaction p = 0.314), this suggests that there is no evidence of
an interaction between the factors. We conclude that ¢y is sensitive to variation in particle type but not
to particle concentration. In considering the main effects of particle type, it is observed that the mean
ey from the CS/HA fibre is higher than that of the CS/POSS fibre. We conclude that CS/HA fibres are
more deformable, i.e., they yield at larger strains than CS/POSS fibres.

As for uy, we note that the p values for particle type (p = 0.053) and particle concentration
(p = 0.597) are both greater than 0.05 (although the former may be regarded as marginal). Thus,
there is no evidence that uy is sensitive to particle type and concentration (Figure 2D). The p value
for the interaction is much greater than 0.05 (p = 0.308), showing that there is no evidence of an
interaction between the factors. Altogether, this suggests that uy is not sensitive to variations in particle
concentration and type.
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3.3. Effects of Particle Type and Concentration on Fracture Properties

With regards to oy, the ANOVA results (Figure 3B) reveal a significant interaction between particle
type and particle concentration (p < 0.001). Thus the main effects may not be interpreted independently
of one another. Figure 3A shows that oy; is sensitive to variations in particle concentration (p < 0.001)
but not particle type (p = 0.216). It appears that the optimal particle concentration occurs at 3% or
7% (w/w) depending on the particle type. The main effects due to particle type could be masked
by interaction effects and warrant further analysis. To address the effects arising from interaction,
a two-sample t-test was conducted to investigate the differences in oy; between the CS/HA and
CS/POSS at the respective particle concentration levels. The results of the t-test reveal no significant
difference in oy between the CS/HA and CS/POSS for all levels of particle concentration except at
7% (w/w) (p < 0.001)—the mean oy of the CS/HA fibres is smaller than that of CS/POSS fibres at 7%
(w/w).
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Figure 3. Interaction plots (left panel) and main effects (right panel) plots of particle concentration
(% w/w) and particle type on the fracture-related properties of chitosan-based fibres reinforced by
hydroxyapatite (HA) versus polyhedral oligomeric silsesquioxane (POSS) nanoparticles. Symbols:
(A) oy, fracture strength; (B) ey, extensibility; (C) ur, strain energy density to fracture.

With regards to ¢, a significant interaction between particle concentration and type occurs
(p < 0.001). Thus the main effects may not be interpreted independently of one another. Here,
significant differences are observed for ¢;; versus particle type (p < 0.001) and particle concentration
(p = 0.025) (Figure 3B)—the ¢ is sensitive to variations in particle type and particle concentration but
the effects of particle type on ¢;; is modified by particle concentration and vice versa. We conclude that
(1) the mean ¢y from the CS/HA fibre is higher than that of the CS/POSS fibre (except at 7% w/w,
where both result in similar magnitudes of ¢(;); and (2) the optimal particle concentration resulting in
the highest e occurs at 7% (w/w).
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Finally, with regards to ur, the p value for the interaction between particle type and concentration
is very small (p < 0.001), showing that there is evidence of an interaction between the two factors. Thus,
the main effects of particle type and particle concentration on ur may not be interpreted independently
of one another. Nevertheless, significant differences are observed for ur versus particle type (p = 0.001)
and particle concentration (p < 0.001) (Figure 3C). In considering the main effects of particle type, it
is observed that the mean ur from the CS/HA fibres is about 40% higher than that of the CS/POSS
fibres. For the consideration of the main effects of particle concentration, the mean ur appear to peak
at 3 or 7% (w/w), depending on the particle type. We conclude that the optimal particle concentration,
corresponding to maximum ur occurs at 3 and 7% (w/w) for HA- and CS/POSS fibres, respectively.

3.4. Mechanical Reliability

Table 1 lists the values of the Weibull modulus, 3, and the characteristic strength, oy, of the CS
composite fibre reinforced by HA and POSS nanoparticles, associated with the yield strength and
fracture strength parameters. Inspection of the values of {3 in the table reveals the following trends.
With regards to the yielding of CS/HA composite fibre, it is observed that {3 increases with the increase
in POSS concentration, peaks at 7% w/w, and decreases somewhat thereafter. As for the yielding of
the CS/POSS composite fibre, it is observed that (3 increases rapidly with an increase in POSS and
peaks at 3% w/w (as compared to 7% w/w for the case of CS/HA), followed by a decrease in 3, with
increasing POSS concentration. On the other hand, with regards to the fracture of the CS fibre, the
from both CS/HA and CS/POSS appears to fluctuate with increasing particle concentration, and no
appreciable trend is observed.

Table 1. Analysis of the Weibull modulus, B, and the characteristic strength, oy, of chitosan (CS) fibres
reinforced by hydroxyapatite (HA) and polyhedral oligomeric silsesquioxane (POSS) nanoparticles.

Particle CS/HA CS/POSS
Con(;ent/ration Yield Strength Fracture Strength Yield Strength Fracture Strength
o Wwlw
B (MPa) oo (MPa) B (MPa) oo (MPa) B (MPa) oo (MPa) B (MPa) oo (MPa)
1 4.58 37.53 7.21 69.43 2.40 31.76 13.00 58.96
3 4.80 38.31 12.90 86.26 7.90 48.11 4.70 85.35
5 4.90 35.57 9.80 70.46 4.40 42.52 3.50 83.81
7 5.30 32.80 15.80 62.76 2.60 37.17 13.30 97.41
9 3.70 24.27 7.80 55.30 2.50 32.46 9.40 50.68

Inspection of the values of oy in the table reveals the following trends. With regards to the yielding
of CS composite fibre, both CS/HA and CS/POSS show that oy increases with an increase in the
particle concentration, peaks at 3% w/w, and decreases somewhat thereafter. On the other hand,
as for the fracture of the CS/HA fibre, 0 increases with increasing HA concentration, peaks at 3%
w/w, and decreases thereafter. In contrast, for the CS/POSS fibre, oy increases with increasing POSS
concentration, peaks at 7% w/w, and decreases thereafter.

Figure 4 shows plots of R versus o for the CS/HA and CS/POSS fibres corresponding to the
cases of yielding and fracture. These plots illustrate the sensitivity of the reliability to the 3 and op
parameters at the respective levels of particle concentration and type. With the exceptions of the
yielding of CS/POSS at 1%, 7% and 9% w/w and the fracture of CS/POSS fibre at 3% and 5% w/w, the
form (i.e., parameterized by ) of the curves corresponding to CS/HA and CS/POSS features a very
narrow spread of strength variability, for the respective case of yielding and fracture. The scatter of the
curves deserves some attention. With regards to the respective HA and POSS particles, over the range
of particle concentration considered here, the curves for the yielded CS fibre (Figure 4A (C)) are less
scattered compared to those of fractured CS fibres (Figure 4B (D)). The implications of these results are
discussed in Section 4.2.
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Figure 4. Plot of reliability function, R (a dimensionless quantity), versus stress (o, MPa) in the
chitosan-based composite fibre, reinforced by hydroxyapatite (HA), for the case of (A) yield strength
and (B) fracture strength, and polyhedral oligomeric silsesquioxane (POSS), for the case of (C) yield
strength and (D) fracture strength, in the presence of varying particle concentrations (% w/w). Note:
op and P represent the characteristic strength and the Weibull modulus, respectively.

4. Discussion

4.1. Study Findings

In this study, both CS/POSS and CS/HA fibres were synthesized by a wet spinning method, with
varying particle concentrations from 1% to 9% (w/w). Wet spinning is a simple and effective method
that involves a combination of rheological and diffusional mechanisms to synthesize fibres with
controlled thickness [25,26,50,51]. Methods such as melt spinning are not feasible as the CS polymers
degrade upon heating [25,51]. It is important to note that the wet spinning method can produce useful
fibres because the flow action during extrusion helps to align both the CS polymer molecules and the
nanoparticles in the direction of the fibre axis, thus contributing to axial reinforcement [26]. From the
perspective of tissue engineering scaffolds, it makes sense to synthesize CS fibres of micrometre
thickness for several reasons, namely they can lead to large surface area for cell attachment as well
as enhanced interconnected pore architecture that provides pathways for the diffusion of gases,
transportation of nutrients, and migration of cells [11,52-54].

According to some reports, isolated particles of HA and POSS are physically distinguished by their
shapes: HA are generally described as having a needle-like (generally rods or with straight-taper ends)
profile [55,56] while POSS particles may be described as having globular profiles [57]. While these
descriptions are not based on a detailed analysis of the particle shapes, the precise form of these
particles (at least for HA particles [25]) is expected to depend on the precipitation temperature, which
ranges from ambient [58,59] to 40 °C [29,50,51,60]. More importantly, both particle types provide a
unique perspective to study the effects of non-uniform cylindrical profiles of a nanoparticle-reinforced
composite and its mechanical properties [30]. Although the exact forms of these particles in the
composite are not observable, predictions from finite element models of composites reinforced by
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ellipsoidal particles and needle-like particles with straight tapered ends reveal that the stress uptake in
these particles is somewhat evenly distributed throughout during elastic loading [61]. On the other
hand, uniform cylindrical (i.e., rod shape) particle-reinforced composites feature a peak stress at the
particle centre; the stress decreases non-linearly to zero at the particle ends [62]. In principle, the
non-uniform cylindrical particles are less likely to break owing to lower stress concentrations, and
hence are more effective than uniform cylindrical ones for composite reinforcement [62,63] Nonetheless,
these predictions have yet to be supported by experimental results.

There are some reports of ‘hybrid” composites, notably from the study based on computer
modelling of a composite comprising (i.e., non-fibre-like) particles and fibres blended in polymer
composites [64], and banana/sisal fibres blended in epoxy resin [65]. Of note, the mechanical
properties of a banana/sisal fibre-reinforced epoxy resin composite have been evaluated based on the
rule-of-mixture for hybrid composites [49]. However, to the best of our knowledge, there is no study
hybridizing chitosan by blending with POSS and HA particles. This would be an interesting study
with regards to optimising the chitosan composite mechanical properties.

In principle, the magnitudes of the mechanical properties (such as strength and stiffness) are
expected to increase linearly with particle concentration in good order-of-magnitude agreement
with the simple rule-of-mixture for strength and stiffness [30]. In practice, composites reinforced by
nanoparticles (such as those shown in this study for the CS/HA and CS/POSS, and in other studies,
namely (A) SiO, particles reinforcing polyimide [1], (B) BaSOy particles reinforcing polypropylene [66],
and (C) carbon nanotubes reinforcing ceramic [67]) do not follow the rule-of-mixture at large particle
concentration levels. In fact, there exists a particle concentration level beyond which a further
increase in particle concentration leads to a diminution in the mechanical properties. This effect
is often attributed to the extensive agglomeration of nanoparticles beyond the optimal particle
concentration [1,30,68]. Further discussion of the underlying causes of agglomeration is found in
Section 4.2. Nevertheless, the low particle concentration is a cause for concern as it severely constrains
the tunability of the mechanical properties of the composite to a narrow range of particle concentrations.
Interestingly, the peak value of different mechanical parameters appears to differ. For instance, the
highest stiffness occurs at 3% w/w but the highest fracture strength occurs at 7% w/w. This means
that if the material designer is required to design the CS composite fibre for high fracture strength, the
trade-off would be lower stiffness.

An interesting study has been carried out by Aranaz et al. [69] to investigate the type of
calcium phosphate formed in the CSCaP monoliths. There are two key findings according to this
study [69]. (A) Calcined samples showed a pattern similar to enamel (highly crystalline apatite mineral,
ca. 96 wt. %), and non-calcined samples showed a pattern similar to dentin (partially amorphous
apatite, which also contains an organic matrix and water). (B) The amount of calcium phosphate in the
CSCaP composites can significantly influence the efficacy of cell proliferation: it is found that higher
calcium phosphate content in the composite enhances cell attachment and proliferation and vice versa.
With regards to our CS fibres, it would be interesting as part of future work to assess the extent of
the crystallinity in the CS fibres. This could come together with plans for cell studies. With regards
to cell studies, one key area of interest is in developing a consistent technique to lay down the fibres
into a mesh. The study of osteoblast and chondrocyte cells in tissue engineering with regards to cell
adhesion, spreading, and viability is an ongoing interest [48]. With regards to our CS fibres, one future
work of interest would be to investigate how these cells respond to the fibrous mesh when they are
seeded into the mesh. A method will be developed to enable consistency in the seeding process using
an in-house developed automated cell dispensing machine; such a machine may be modified from an
open-sourced 3D printer [70].

Although the mechanical properties of the CS/HA composite are well established and a few
reports have been published on the CS/POSS composite, most reports have been concerned with
singly applied treatments. In other words, these experiments have attempted to investigate only one
synthesis parameter, notably the effects of particle concentration [25,26]. Here, the results from the
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two-factor ANOVA reveal that particle concentration and particle type do interact. With regards to the
sensitivity of the mechanical properties of CS composite fibre to particle concentration and particle
type, the findings are listed as follows: (A) Only the fracture-related mechanical parameters, i.e., oy,
ey and up, are sensitive to interaction effects. Since these parameters are also sensitive to particle
concentration and type, the trending variation of the values of each of these parameters with varying
particle concentration (type) depends on particle type (concentration). As for the elasticity-related
parameters (i.e., E, oy, ey and uy), the results suggest that the main effects (where applicable) of particle
concentration and particle type on these parameters may be interpreted independently of one another.
(B) With regards to effects from particle type, by and large the oy and E of CS/POSS fibres are higher
than CS/HA fibres but CS/HA fibres possess higher ey, e;; and ur than CS/POSS fibres. This suggests
that CS/POSS fibres are stronger and stiffer than CS/HA fibres but CS/HA fibres are not only less
brittle but also tougher than CS/POSS fibres. The uy is not sensitive to particle type. (C) With regards
to effects from particle concentration, only E and oy reveal a clear trending increase up to an optimal
particle concentration; thereafter a trending decrease occurs. The optimal particle concentration differs
for different mechanical properties. In particular, E and oy peak at 3% (w/w). The ey and uy are not
sensitive to particle concentration. Interestingly, due to the presence of interaction between the particle
concentration and particle type, oy, €7 and ur peak at 3% or 7% (w/w), depending on particle type.
The E, uy and ur may be regarded as ‘derived parameters’, defined in terms of both stress and
strain components. By considering the results from the main effect study (Sections 3.2 and 3.3), we
infer that (A) the stress component predominates in E as demonstrated by oy; (B) the strain component
(from initial loading until ¢;;) predominates in uf, as demonstrated by ¢y. While further discussion
concerning the basis for the absence of sensitivity of the uy of chitosan composite fibre to nanoparticles
of HA and POSS could be valuable, the answer is not as clear-cut as we might wish. Nevertheless,
the underpinning arguments suggest that the mechanics of nanoparticles of HA for modulating the
stress and strain (by directing low stress uptake at high strains) is in direct contrast to that of POSS (by
directing high stress uptake at low strains). However, in either case, these lead to similar results arising
from a similar amount of strain energy absorbed per unit volume (i.e., uy) causing yielding in the fibre.

4.2. Design for Reliability

It is possible that defects in the CS fibre may originate from agglomerates of HA or POSS, as well
as localised non-uniform dispersion of the respective particles within the CS fibre—these defects then
act as stress intensifiers. Failure in the fibre may begin at these stress intensifier site as the load on the
fibre increases; yielding occurs when chemical bonds within the defects are partially disrupted but
rupture, i.e., formation of new crack surfaces, occurs when all the chemical bonds at a particular site
are dissociated.

The reliability predictions reveal that the CS/HA composite fibres have more consistent (in other
words, narrower spread of o values) yield and fracture strengths as compared to CS/POSS composite
fibres. Thus this could be attributed to two factors: (A) the agglomeration of particles and (B) the
directionality of the particles. The agglomerates could compromise the mechanical properties of
the composite fibre. As these agglomerates are weakly bonded together, the dissociation of these
agglomerates could in turn contribute to increased unpredictability in the yield and fracture strength
of the CS/POSS fibre. Additionally, as the POSS particles are described as having globular profiles
(Section 4.1), this means that in some POSS particles the long axis may be comparable in length
to the short axis. Thus, during the processing of the CS/POSS fibre, as the POSS particles flow
though the tube and spinneret, the flow effect may not be sufficient to cause the long axis of all
POSS particles to point in the direction of the fibre axis. Consequently, the directionality of the POSS
particles is less defined than that of HA particles, which are described as having needle-like profiles.
The directionality of the particulates plays an important role in determining the mechanical properties
of the CS composite fibre. According to the principles of particle-reinforced composites, a composite
that contains well-aligned particles will have higher strength when an external load is applied in the
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direction of these particles [26]. For composites that contain particles that are not well aligned, only a
proportion of the particles that are aligned in the direction of the applied load would be able to provide
effective reinforcement by taking up stress from the matrix [26].

The possible contribution of particle agglomeration to the decrease in the magnitude of the
respective mechanical parameters, at high particle concentration levels, is an issue of great concern [68].
As these agglomerates are weakly bonded, individual agglomerates dissociate easily into smaller
particles under high load—smaller particles, with shorter length, may be less effective at taking up
high stress. Exactly how the weak bonds affect both the elasticity- and fracture-related mechanical
properties of the chitosan composite is not clearly understood and is a subject for further study.

As noted in Section 4.1, in cases where the interaction between particle type and concentration is
significant, the optimal particle concentration for each mechanical parameter differs depending on
the particle type. This appears to reflect the varying degree of agglomeration by each particle type
and may have to do with the degree of the proximity of particles within an agglomerate. Accordingly,
from computational studies on particle-particle proximity [68], it is inferred that (A) the interphase
material surrounding a particle could overlap with the interphase material from neighbouring particles,
and (B) the mechanical properties of the nanoparticulate-reinforced composite could depend on
the degree of the interphase-interphase overlap. It then follows that particle clustering increases
appreciably at high particle concentration levels. Consequently, this leads to decreases in the E of the
nanoparticulate-reinforced composites [68].

The non-linear relationship between the mechanical property of a composite and the particle
concentration, and the existence of an optimal particle concentration that results in the characteristic
peak value of the mechanical parameter, means that predicting the mechanical properties of these
composites may not be as straightforward as we would like. As pointed out in Section 4.1,
these non-linear effects are found in many particle-reinforced composite systems. For instance,
polypropylene reinforced by BaSO,4 nanoparticles reveals an increasing oy with increasing particle
concentration up to 10% (w/w); thereafter a trending decrease occurs with increasing particle
concentration [66]. Polyimide reinforced by SiO, particles reveals an increasing oy; with particle
concentration for up to 5% (w/w); thereafter oy decreases with increasing particle concentration [1].
Epoxy reinforced by hydrated AI(OH); nanoparticles results in increasing G (fracture toughness in
kJ/m?) with particle concentration from 20% to 30% (w/w); thereafter a decreasing G with particle
concentration was observed [71]. Nevertheless, there are exceptions, e.g., dentin composites reinforced
by hydroxyapatite nanoparticles reveal a monotonically increasing (flexural) E with increase in particle
concentration (the maximum particle concentration studied was 15% w/w) [72]; it remains to be
seen if E also peaks at a certain particle concentration thereafter before decreasing. Recently, simple
constitutive equations based on phenomenological arguments have been proposed to model these
non-linear effects for fracture strength and stiffness [49]. The underlying basis of the model suggests
that the initial linear increase in the magnitude of the respective mechanical property with increase
in particle concentration follows the rule-of-mixture [49]. Beyond a certain particle concentration,
the matrix mechanical property dominates so that the mechanical property experiences decrease in
magnitude with increasing particle concentration [49]. Nevertheless, this model has to be investigated
further before it can be used in practical applications.

5. Conclusions

It is shown in this study that only the fracture-related properties were sensitive to effects arising
from the interaction between the particle type and concentration. Most mechanical properties are
sensitive to particle type; for instance, the stiffness and yield strength of CS/POSS fibres are higher
than those of CS/HA fibres. On the other hand, the yield strain, extensibility and fracture toughness
of CS/POSS fibres are lower than those of CS/HA fibres. Most mechanical properties are sensitive to
varying particle concentrations. For some mechanical properties, namely stiffness and yield strength,
these feature a trending increase to a peak value (the optimal particle concentration) and a trending



J. Compos. Sci. 2017, 1,9 14 of 17

decrease thereafter, with increasing particle concentration. For the others, namely fracture strength,
strain at fracture and fracture toughness, the sensitivity is significant but no trending increase/decrease
is sustained over the particle concentration range investigated here. Predictions of the reliability of
the CS composite fibres reveals that CS/HA composite fibres have a more consistent (in other words,
narrower spread of o values) yield and fracture strength as compared to CS/POSS composite fibres.
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