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Acetylcellulose (AC)/silica composites were prepared by sol-gel method in an attempt to
realize materials with Young’s moduli and bending strengths similar to those of cortical
bones. Si(OCH3)4 (TMOS)-AC-H2O-HNO3-tetrahydrofuran-CH3OC2H4OH solutions were
allowed to be gelled, where AC/TMOS mole ratios were defined for AC monomers, and the
gels were dried at 30–70◦C to obtain composites. The composites prepared from solutions
of mole ratios of AC/TMOS = 0.5 and 1.0 were composed of micrometer-sized particles rich
in silica surrounded by the matrix rich in AC. The composites from solutions of AC/TMOS =
2.0, on the other hand, the interface between the particles and the matrix was much less
distinct. All the composite samples showed good machinability, which could be cut into
5 mm × 2 mm × 4.4 mm rectangular specimens by an electric saw without cracking or
fracture. The specimens were subjected to three-point bending test, where the degree of
plastic deformation and the fracture strain increased, and Young’s modulus and bending
strength decreased with increasing AC/TMOS ratio in the starting solutions. When the gels
were dried at higher temperatures, Young’s modulus and strength increased. Young’s
modulus and bending strength could be varied in the range of 1.8–3.9 GPa and
48–100 MPa, respectively, by varying the AC/TMOS ratio in solutions and the drying
temperature. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Artificial bones need to have bioactivity, biocompat-
ibility and mechanical properties similar to those of
natural bones. Metallic or inorganic artificial bones
proposed so far include Ti-Al-V alloys, Cr-Co-Mo
alloys, stainless steel (316L), glass-ceramics (AW and
Bioverit©R , sintered hydroxyapatite, alumina, zirconia
and silicon nitride. These materials have Young’s mod-
uli of 70–420 GPa [1, 2], which are higher than those
of cortical bones (7–30 GPa) and cancellous bones
(0.05–0.5 GPa) [2]. In an attempt to realize artificial
bones with Young’s moduli similar to those of natural
bones, recently a variety of organic-inorganic compos-
ite materials have been prepared, bearing in mind that
the natural bones are composed of collagen fibers and
carbonate-containing hydroxyapatite [3]. Kobayashi
et al. [4] prepared (AW, hydroxyapatite (HAp), tri-
calcium phosphate)/bisphenol-a-glycidylmethacrylate
triethyleneglycol dimethacrylate composites, 4–12
GPa in Young’s modulus and 50–130 MPa in bending
strength. Kasuga et al. [5] prepared HAp/poly-L-lactic
acid composites having Young’s moduli of 4–11 GPa
and bending strengths of 40–60 MPa. These compos-
ites can be said to have similar mechanical properties
to those of cortical bones, 7–30 GPa and 50–150 MPa
in Young’s modulus and bending strength, respectively.

As far as the materials with mechanical properties
comparable to cancellous bones, Kamitakahara
et al. [6] prepared CaO-SiO2/polydimethylsiloxane
(PDMS) composites, and Chen et al. [7–9] pro-
posed CaO-SiO2-TiO2/PDMS composites. Besides
organic-inorganic composite materials to be used as
artificial bones include SiO2/polymethylmethacrylate
(PMMA) [10, 11], HAp/PMMA [12], Bioglass©R /high-
density polyethylene (HDPE) [13, 14], AW/HDPE
[15], HAp/polyethylene [16], HAp/poly-L-lactide
(PLLA) [17], calcium phosphate/copolymer
PLLA [18], CaCO3/polylactic acid [19], and
50CaO·50SiO2/PMMA [20] composites. They
had Young’s moduli, bending strengths and tensile
strengths ranging over 0.65–71 GPa and 64–280 MPa,
10–94 MPa, respectively. Although not attempted
to be used as artificial bones, a number of organic-
inorganic composites have been prepared and
subjected to mechanical property measurements.
For instance, Mackenzie’s group prepared organ-
ically modified silicates (ormosils) from PDMS
and Si(OC2H5)4, demonstrating that the flexibility
increases with increasing PDMS contents [21–23].
Also reported are SiO2/hydroxypropyl cellulose [24],
SiO2/polyvinylacetate [25], SiO2/polyimide [26, 27],
SiO2/PDMS [28, 29], SiO2/polyvinyl alcohol [30],
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SiO2/polytetramethylene oxide [31], and (Ta2O5,
ZrO2)/PDMS [32] composites, which had Young’s
moduli and bending strengths ranging over 6 ×
105–3.5 GPa and 0.06–143 MPa, respectively.

Composites containing organic polymers that have
bioresorption property are expected to be integrated
with natural bones in the body, where the bone tissue
penetrates into the pores left behind by the polymers
dissolved [33]. Polylactic acid and cellulose are known
to have bioresorption property, and the examples are
found in the literature on HAp/polylactic acid [17],
and calcium phosphate/polylactic acid [18] composites.
In the present work, acetylcellulose (AC), an organic
polymer with bioresorption property [34], and SiO2, a
bioactive and biocompatible material [35], were com-
bined to fabricate organic-inorganic composites by sol-
gel method. Formation, microstructure, and mechanical
properties of bulk composites were studied where the
effects of the AC content and drying temperature on
mechanical properties were focused on.

2. Experimental
2.1. Preparation
Tetramethylorthosilicate (TMOS) Si(OCH3)4 (Tokyo
Kasei Kogyo, Tokyo, Japan), tetrahydrofuran (THF)
(Wako Pure Chemical Industries, Osaka, Japan), ion-
exchanged water, 1 M nitric acid (Wako Pure Chem-
ical Industries), acetylcellulose (AC) (acetylation 53–
56%, average molecular weight 288, Wako Pure Chem-
ical Industries), and 2-methoxyethanol CH3OC2H4OH
(Wako Pure Chemical Industries) were used as the start-
ing materials. Starting solutions of mole ratios listed in
Table I were prepared where the mole ratio for AC
was defined for the monomer. Hereafter the solutions
of AC/TMOS mole ratios of 0.5, 1.0 and 2.0 are called
AC0.5, AC1 and AC2, respectively. H2O - nitric acid
- THF solution was added to TMOS - THF solution
under magnetic stirring, and then ground AC powders
and CH3OC2H4OH were added in this sequence. Trans-
parent 500 mL solution thus obtained was poured in a
polyethylene container 10 cm × 15 cm × 5.5 cm in
dimension, the inner of which was coated beforehand
with grease (HP-500, Dow Corning Asia, Tokyo, Japan)
in order to allow the gel/container separation with ease.
A lid with 15 holes 3 mm in diameter was placed on the
container, and the solution was kept at 30◦C for 10 days
where the solution was allowed to be gelled. The gel
plates obtained were placed on a stainless wire netting,
and then were further dried either at 30, 50 or 70◦C
for 35 days. Hereafter the drying on the stainless wire
netting is called post-drying.

The dried gels obtained were cut with an electric
saw and polished with #200 emery paper into rect-

TABL E I Compositions of the starting solutions

Mole ratio

Solution TMOS AC H2O HNO3 THF CH3OC2H4OH

AC0.5 1 0.5 10 0.01 26.4 2.53
AC1 1 1.0 10 0.01 26.4 2.53
AC2 1 2.0 10 0.01 32.0 2.53

angular specimens ca. 5 mm × 2 mm × 4.4 mm in
dimension.

2.2. Measurement and observation
The bulk density was calculated on the rectangular
specimens from the weight and the dimensions. The
rectangular specimens were subjected to three-point
bending test performed in the ambient atmosphere us-
ing a universal testing machine (Model 4302, Instron
Japan, Tokyo, Japan). The measurements were con-
ducted with a three-point loading over a 40 mm span at a
crosshead speed of 1.00 mm min−1, where six to eleven
specimens were served for the measurements. The dis-
placement and load data were converted into strain and
stress, respectively, using the following equations [36];

σ = 3P L

2bh2
× 9.8 (1)

ε = 6hY

L2
(2)

where σ (MPa) in the stress, P (kgw) the load, L
(mm) the span, Y (mm) the displacement, b (mm)
the specimen width, h (mm) the specimen thickness.
Young’s modulus and bending strength were obtained
from the slope and the maximum stress in the stress-
strain curves.

The fracture surface of the specimens was ob-
served with a scanning electron microscope (SEM)
(Model JSM-T20S, JEOL, Tokyo, Japan). Element
analysis was also conducted using an energy dispersive
X-ray spectrometer (EDX) (Model JED-2200, JEOL)
attached to the SEM.

3. Results
3.1. Appearance and machinability

of the dried gel plates
Slightly yellow, opaque, crack-free dried gel plates ca.
12 cm × 6.5 cm × 0.8 cm in dimension were formed ir-
respective of the AC/TMOS ratio by keeping the sols at
30◦C for 10 days in the polypropylene container. Un-
less CH3OC2H4OH is added to the starting solution,
the gel plates are warped during drying. Addition of
CH3OC2H4OH in the starting solutions is indispens-
able for avoiding the warping on drying.

Fig. 1 shows the photograph of a composite specimen
subjected to post-drying at 70◦C followed by cutting

Figure 1 Photograph of the composite specimen prepared from solution
AC1 and post-dried at 70◦C.
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and polishing. All the composite specimens exhibited
good machinability irrespective of AC/TMOS ratio and
post-drying temperature, i.e., they could be cut and pol-
ished without cracking.

3.2. Composites subjected to post-drying
at different temperatures

Fig. 2 shows the dependence of bulk density on post-
drying temperature for the composite samples prepared
from solution AC1. The bulk density of the composites
increased by about 8% from 1.22 ± 0.05 to 1.31 ± 0.04
g cm−3 with increasing post-drying temperature from
30 to 70◦C.

The stress-strain curves and fracture strain data are
shown in Fig. 3 and Table II, respectively, for these
composite samples prepared from solution AC1 and
post-dried at different temperatures. The composites
exhibited residual strain, i.e. permanent deformation
after removal of stress. As seen in Fig. 3, the com-
posite samples exhibited elastic deformation followed
by plastic deformation, where plastic deformation was

Figure 2 Bulk density plotted against post-drying temperature for the
composites prepared from solution AC1.

Figure 3 Stress–strain curves of the composites post-dried at different
temperatures. The composites were prepared from solution AC1.

TABLE I I Fracture strain of the composite samples prepared from
solutions of various AC/TMOS mole ratio and by post-drying at various
temperatures

AC/TMOS mole ratio Post-drying temperate (◦C) Fracture strain (%)

1.0 30 >6.8
1.0 50 6.6 ± 0.7
1.0 70 5.7 ± 1.3
0.5 70 3.9 ± 0.3
1.0 70 5.7 ± 1.3
2.0 70 >8.0

Figure 4 Young’s modulus and bending strength plotted against post-
drying temperature for the composites prepared from solution AC1.

found in smaller strain ranges for the composites post-
dried at higher temperatures. The fracture strain was
larger than 6.8% for the composite samples post-dried
at 30◦C (Table II) where the strain was over the mea-
surement limitation of the tester. As seen in Table II, the
fracture strain decreased from over 6.8% to 5.7 ± 1.3%
when the post-drying temperature increased from 30 to
70◦C, showing smaller fracture strain for the compos-
ites post-dried at higher temperatures.

Young’s moduli and bending strengths obtained from
the strain-stress curves are shown in Fig. 4 as a func-
tion of post-drying temperature. Young’s modulus in-
creased by about 56%, from 1.8 ± 0.2 to 2.8 ± 0.2 GPa,
when the post-drying temperature increased from 30 to
70◦C. The bending strength increased by about 78%
from 49 ± 3 to 88 ± 7 MPa with increasing post-drying
temperature from 30 to 70◦C.

3.3. Composites prepared from solutions
of different AC/TMOS ratios

Fig. 5 shows the bulk density of the composites plot-
ted against AC/TMOS ratio in the starting solutions,
where the gels were post-dried at 70◦C. The bulk
density decreased by about 5%, from 1.37 ± 0.05 to
1.29 ± 0.04 g cm−3, with increasing AC/TMOS mole
ratio from 0.5 to 2.0 although it was nearly the same
between the samples from solutions of AC/TMOS =
1.0 and 2.0.

The strain-stress curves and fracture strain data of
these composite samples are shown in Fig. 6 and
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Figure 5 Bulk density of the composites plotted against AC/TMOS mole
ratio. The composites were post-dried at 70◦C.

Figure 6 Stress–strain curves of the composite specimens prepared from
solutions of different AC/TMOS mole ratios. The composites were post-
dried at 70◦C.

Table II, respectively. The composites exhibited per-
manent deformation after removal of stress. As seen in
Fig. 6, plastic deformation tended to occur to higher
extent in the samples prepared from solutions of higher
AC/TMOS ratios. Here again the fracture strain was
larger than 8.0% for the composite samples from so-
lution AC2 (Table II) where the strain was over the
measurement limitation of the tester. The fracture strain
increased from 3.9 ± 0.3 to over 8.0% as the AC/TMOS
ratio increased from 0.5 to 2.0 (Table II). Young’s mod-
uli and bending strengths obtained from the curves are
shown in Fig. 7 as a function of AC/TMOS ratio in
the starting solutions. Young’s modulus decreased by
about 28% from 3.9 ± 0.2 to 2.8 ± 0.3 GPa when the
AC/TMOS ratio increased from 0.5 to 2.0. The bend-
ing strength decreased by ca. 20%, from 100 ± 9 to
80 ± 6 MPa, with increasing AC/TMOS ratio from 0.5
to 2.0.

3.4. SEM observation and element analysis
Fig. 8 shows the SEM pictures of the fracture surface
of the composites prepared from solutions of different

Figure 7 Young’s modulus and bending strength of the composites plot-
ted against AC/TMOS mole ratio. The composites were post-dried at
70◦C.

Figure 8 SEM photographs of the fracture surface of the composites
post-dried at 70◦C. AC/TMOS = (a) 0.5, (b) 1.0 and (c) 2.0.
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Figure 9 SEM image and corresponding two-dimensional elemental maps of the fracture surface of the sample prepared from solution AC0.5 and
dried at 70◦C. (a) SEM image, and elemental maps of (b) Si, (c) O and (d) C. Light spots represent those rich in the corresponding elements.

AC/TMOS ratios and post-dried at 70◦C. The compos-
ites prepared from solutions of AC/TMOS = 0.5 and
1.0 had micrometer-sized particles dispersed in the ma-
trices. The composites from solutions of AC/TMOS =
2.0, on the other hand, the interface between the parti-
cles and the matrix was indistinct or almost vanishing.

Figs 9 and 10 show the two-dimensional elemental
maps obtained by EDX for the fracture surface of the
composites prepared from solutions of AC/TMOS =
0.5 and 2.0, respectively. As is seen in Fig. 9, the speci-
men of AC/TMOS = 0.5 has the micrometer-sized par-
ticles rich in Si and O and poor in C, and the matrix poor
in Si and O and rich in C. In other words, the specimen
is composed of the micrometer-sized particles rich in
silica and the matrix rich in AC. Phases rich in silica are
also distributed in the matrix rich in AC in the specimen
of AC/TMOS = 2.0 (Fig. 10). However, the interface
between the particles and the matrix is less distinct than
those in the specimen of AC/TMOS = 0.5.

4. Discussion
4.1. Formation of dried gels
The gel plates underwent warping on drying in the
polypropylene containers when prepared from so-
lutions without CH3OC2H4OH, while they did not
from solutions containing CH3OC2H4OH. The volatile
components in wet gels are THF, CH3OH, which
is the byproduct of TMOS hydrolysis, H2O and
CH3OC2H4OH. The boiling points of THF, CH3OH,
H2O and CH3OC2H4OH are 66, 64.7, 100 and 124.5◦C,
respectively. Therefore, the rate of vaporization would

become relatively higher when the solution does not
contain CH3OC2H4OH. Rapid vaporization makes it
difficult for structural relaxation to catch up with the
increase in capillary pressure, which could lead to warp-
ing of the gel plate.

Without CH3OC2H4OH, liquid phase rich in H2O
would be left behind in the gel pores in the course of
vaporization of THF and CH3OH. On the other hand,
when the solution contains CH3OC2H4OH, the liquid
in pores becomes rich in CH3OC2H4OH during drying.
H2O has much higher surface tension (71.82 mN m−1)
than CH3OC2H4OH (33.30 mN m−1), and the cap-
illary pressure is proportional to the surface tension
of the liquid [37]. Therefore, the capillary pressure
could be much higher when the solution does not con-
tain CH3OC2H4OH, which could also induce gel plate
warping.

In addition to what is mentioned above, when the
solution does not contain CH3OC2H4OH, vaporization
occurs rapidly, which could allow the upper surface of
the sol to be gelled prior to the gelation of the inner. This
could provide distribution in the rate of vaporization
and shrinkage, leading to warping of the gel plate.

Incorporation of CH3OC2H4OH was thus effective
in obtaining warping-free dried gel plates because of
the high boiling point particularly than water.

4.2. Microstructure of the composites
The EDX alaysis revealed that the composites are com-
posed of silica-rich phases dispersed in AC-rich ma-
trix (Figs 9 and 10). AC of 53–56% in acetylation was
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Figure 10 SEM image and corresponding two-dimensional elemental maps of the fracture surface of the sample prepared from solution AC2 and
dried at 70◦C. (a) SEM image, and elemental maps of (b) Si, (c) O and (d) C. Light spots represent those rich in the corresponding elements.

used in the present study, that is, about three of six OH
groups are replaced by CH3COO groups per cellulose
monomer. Because the acetyl groups are hydrophobic
rather than hydrophilic, AC cannot have strong interac-
tion with the OH groups of the siloxane polymers. This
could lead to the phase separation observed between
silica-rich and AC-rich phases. The interface between
the silica-rich and AC-rich phases was more distinct
in the specimen of AC/TMOS = 0.5 than in that of
AC/TMOS = 2.0 (Figs 9 and 10); the compositions of
the former and the latter would be close to and far from
the center of the miscibility gap in silica-AC system.

All the dried gels obtained were opaque while all
the sols were transparent. The opacity appeared during
drying. Light scattering both at the interface between
the silica- and AC-rich phases and at the pores could
be the origin of the opacity. The true density of SiO2
glass and AC are 2.2 and 1.36 g cm−3, respectively,
and the bulk density of the composites obtained ranged
from 1.22 to 1.37 g cm−3 (Figs 2 and 5). Therefore, the
composites are concluded to be porous in nature.

4.3. Effects of the post-drying temperature
and the AC/TMOS mole ratio
on the mechanical properties
of the composites

The extent of the plastic deformation decreased (Fig. 3),
and Young’s modulus and bending strength increased
when the gels were post-dried at higher temperatures

(Fig. 4). The bulk density of the composite samples, on
the other hand, increased with increasing post-drying
temperature (Fig. 2). This indicates that the increase
in Young’s modulus and strength, and the decrease in
the degree of plastic deformation result from densi-
fication, which is promoted by post-drying at higher
temperatures.

The plastic deformation tended to occur to larger
extents as the AC/TMOS ratio in solution increased,
where the plastic deformation proceeded over the yield
point at AC/TMOS = 2.0 (Fig. 6). Also Young’s mod-
ulus and bending strength decreased with increasing
AC/TMOS ratio (Fig. 7). AC polymers have much
higher flexibility than three-dimensional siloxane poly-
mers. Therefore, the increase in the volume fraction of
AC-rich matrix in the composites and/or the increase
in the AC fraction in the matrix could provide the com-
posites flexibility and could reduce the modulus and
strength. The decrease in bulk density is also thought to
contribute to the decreased modulus and strength. How-
ever, although the bulk density was similar between the
composites prepared from solutions of AC/TMOS =
1.0 and 2.0 (Fig. 5), the composite sample from the so-
lution of AC/TMOS = 2.0 showed plastic deformation
to much larger extent (Fig. 6). As seen in the SEM pic-
tures, the interface between the silica-rich particles and
the AC-rich matrix was not clear at AC/TMOS = 2.0.
Difference in the phase constitution and in the degree of
hybridization between AC and siloxane polymers may
affect the mechanical characteristics.
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TABL E I I I Mechanical properties and shape of organic polymer/silica composites and the maximum temperature for drying. The mechanical
properties of cortical bones are also shown

Component

Organic Inorganic Young’s modulus (GPa) Strength (MPa) Shape

Maximum
temperature
for drying References

AC SiO2 1.8–3.9 48–100b Bulk (4.4 × 5 × 2 mm3) 70◦C Present work
PMMA SiO2 1.0–1.2 64–87b Bulk 40◦C [10]
HPC SiO2 0.2–0.6 6–18t Film 60◦C [24]
PVAc SiO2 0.1–0.4 8–32t Film 60◦C [25]
PI SiO2 2.7–3.5 45–143t Film (ca.50 µm thick) 270◦C [27]
PDMS SiO2 0.06 × 10−3–0.90 × 10−3 0.06–0.79t Film – [29]
PVA SiO2 2–3 80–115 t Film 60 [30]
PTMO SiO2 5.2 × 10−3–105 × 10−3 1.1–31.3t Film (10 mm long) Room temp. [31]
Cortical bone 7–30 50–150b [3]

bbending strength.
ttensile strength.

The present composites had Young’s moduli of 1.8–
3.9 GPa and bending strengths of 48–100 MPa, depend-
ing on the drying temperature and AC/TMOS ratio in
the starting solutions. These values are almost compara-
ble to those of cortical bones (7–30 GPa in modulus and
50–150 GPa in bending strength) although the modulus
is still slightly lower (Table III).

4.4. Comparison with other organic
polymer/silica composites

Table III summarizes the mechanical properties of or-
ganic polymer/silica composites reported so far [10,
24, 25, 27, 29–31]. The maximum temperature for dry-
ing and the shape of the composites are also shown.
As seen in the table, most of the composites experi-
enced the maximum temperatures for drying similar to
those employed in the present study, except for PI/silica
composites. It is also noticed that the composites except
for PMMA/silica were fabricated in the form of films.
Because solvents can be vaporized more easily, higher
densities and hence higher elastic constants or strengths
would be achieved more readily in films. However, the
data shown in the table indicate that the present mono-
lithic AC/silica composites have Young’s moduli and
strengths comparable to or higher than the composite
films, which is a valuable point achieved in the present
study.

5. Conclusions
AC/silica composites were prepared from Si(OCH3)4
- AC - H2O - HNO3 - THF - CH3OC2H4OH in an
attempt to realize mechanical properties similar to those
of cortical bones.

(1) Crack-free, warping-free dried gel plates ca. 12
cm × 8 cm × 1 cm in size could be prepared. Incorpo-
ration of CH3OC2H4OH was inevitable in avoiding the
warping occurring on drying.

(2) The composites, the dried gels, could be cut and
polished without cracking or fracture, showing good
machinability.

(3) The composites prepared from solutions
of AC/TMOS = 0.5 and 1.0 were composed of

micrometer-sized particles rich in silica surrounded by
the matrix rich in AC. The composites from solutions
of AC/TMOS = 2.0, on the other hand, the interface
between the particles and the matrix was much less
distincnt.

(4) Young’s modulus and bending strength of the
composites ranged in 1.8–3.9 GPa and 48–100 MPa,
respectively, depending on the post-drying temperature
and AC/TMOS mole ratio in the starting solutions.

(5) When the gels were post-dried at higher tem-
peratures, the composites increased in bulk density, in
Young’s modulus and in bending strength accompanied
by reduced degrees of plastic deformation.

(6) As the AC/TMOS ratio in solutions increased,
the composites decreased in Young’s modulus and in
bending strength, with a decrease in the extent of plastic
deformation.
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