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a b s t r a c t

Objective. The inorganic filler particles in dental resin composites serve to improve their

mechanical properties and reduce polymerization shrinkage during their use. Efforts have

been made in academia and industry to increase the filler particle content, but, few studies

examine the theoretical basis for the maximum particle loading.

Methods. This work evaluates the packing of spherical particles in a close-packed state for

highly loaded composites.

Results. Calculations show that for low dispersity particles, the maximum amount of par-

ticles is 74.05 vol%, regardless of the particle size. This can be further improved by using a

mix of large and small particles or by the use of non-spherical particles. For representative

spherical particles with a diameter of 1000 nm, two types of secondary particles with respec-

tive sizes of 414 nm (dI) and 225 nm (dII) are selected. The results show that after embedding

secondary particles I & II into primary spherical particles, the packing factor is increased to

81.19% for the close-packed structures, which shows an improvement of 9.64%, compared to

the 74.05% obtained only with primary spherical particles. This packing factor is also higher

than either structure with the embedded secondary particles I or II.

Significance. Examples of these mixtures with different spherical particle sizes are shown as

a theoretical estimation, serving as a guideline for the design and formulation of new dental

resin composites with better properties and improved performance.

© 2017 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Dental resin composites are mainly comprised of an organic
matrix mixed with silanized inorganic fillers, and can be cured
to form a crosslinked composite polymer network with the
blue light irradiation [1]. While the resin phase contributes
to the toughness of the composites related to the mechani-
cal strength in flexure or tension, their mechanical properties
in regard to their modulus and hardness, are dominated by
the filler particles for the similar resin matrices [2,3]. Recent
research efforts have been aimed at optimizing filler formula-
tions including filler loading, size, and morphology, with the
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aim of improving mechanical properties and reducing poly-
merization shrinkage during their clinical use [4–6]. These
results have shown that higher loading fractions in resin
composite have led to materials with superior mechanical
properties. For filler formulations with larger particles, the
addition of smaller particles, either spherical or irregular,
could improve fracture toughness, shrinkage strain, and wear
behavior of the resulting composites [7–9]. However, in previ-
ous reports, authors show series of filler formulations where
the reason for choosing them is seldom mentioned [7–9]. Few
studies examine the theoretical basis for the maximum parti-
cle loading in a resin composite [10]. Therefore, it is desirable
and useful to develop a model for the refinement of filler for-
mulations without trial and error.

This model in this paper is based on the theory of close-
packed structures of spherical particles of identical sizes for
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Fig. 1 – Stacking sequences of face-centered cubic (FCC)
arrangement and hexagonal close-packed (HCP)
arrangement.

the refinement of filler formulations with the aim to estimate
the maximum allowed loading of the particles.

2.  Methods

2.1.  Particle  packing  theory

The following particle optimizations are based on previous
work on systems modeling the packing of identical spheres.
Most of the previous work was first explored in the context of
crystal structures, which showed that atoms tend to arrange
in certain patterns, or lattice arrangements, the most effi-
cient of which are known as close-packed structures. These
are modeled with a unit cell that is repeated in all direc-
tions for the purpose packing, though in some cases boundary
conditions may need to be defined. The two close-packed
arrangements with the highest packing efficiency are called
face centered cubic (FCC) and hexagonal close packed (HCP)
[11,12]. Their stacking arrangements and unit cells are shown
in Figs. 1 and 2, respectively. While most of the work on pack-
ing structures applies to atoms or nanoparticles (on the order
of 10 nm)  [13], the lower mobility of larger particles such as
those used for dental composites may not allow effective FCC
and HCP arrangements, resulting in random packing orders.
For the purpose of modeling voids in the structures, FCC and
HCP arrangements are used since they are the most appropri-
ate.

In the literature, the particle loading for dental resin com-
posites is most often quoted as the mass fraction of the
particles with respect to the total mass of the final prod-
uct. Since the density of the filler in dental materials is
much higher than that of the resin, typically on the order of
2.2 g/cm2 for silica [14] vs 1.161 g/cm2 for bisphenol A glyc-
erolate dimethacrylate (Bis-GMA) [15], the weight fraction is
higher than the volume fraction for the filler loading. In the
context of sphere packing, the packing factor instead refers
to the volume fraction occupied by particles in the unit cell,
which is defined as [11]:

Packing factor = Vs/Vc (1)

where Vs is the volume of all the spheres in a unit cell (assum-
ing the hard sphere model), and Vc is the total volume of a unit
cell.

2.1.1.  FCC
The FCC arrangement is based on a cubic unit cell with parti-
cles located at each of the corners and at the centers of each
the square face [11], as shown in Fig. 2(a–c). As previously stud-
ied, a total of four whole particles can be assigned to a FCC unit
cell (Table 1), therefore, their occupied volume can be defined
as Vs =

(
4 × 4�

3 R3
)

, where R is the radius of particles. The total
volume of the unit cell is computed as Vc = a3, where a is the
length of the unit cell (Fig. 3a). Following simplification, the
unit cell size a and the particle radius R cancel out, resulting
in a size-independent packing factor of

√
2�
6 , or approximately

74.05% [16–18].

2.1.2.  HCP
Similarly, the HCP arrangement is based on a stacked hexag-
onal arrangement of particles, with a particle at each vertex
of the hexagon, in addition to one in the center. Two of these
are stacked with an intervening layer that provides three addi-
tional particles (Fig. 2d–f) [11]. Still using particles of radius R,
and seeing a total of six whole particles for a unit cell (Table 1),

thus Vs =
(

6 × 4�
3 R3

)
, and Vc =

(
6 × 1

2 ×
√

3
2 a2 × c

)
, where a and

c represent the short and long unit cell dimensions, and calcu-
lations yield the same value as FCC, with an identical packing
factor of 74.05% (Fig. 3b) [17,18].

The above results indicate that, regardless of particle size,
even in the most efficient packing arrangements, identical
spheres cannot completely fill the space. There are necessar-
ily voids between particles; these voids have complex shapes,
however for filler loading purposes, we are mostly interested
in the largest spherical particles which can fit into these voids.
In the close-packed structures discussed above, two  types
of voids are formed, tetrahedral voids and octahedral voids,
which are identical in both FCC and HCP as the voids exist
between two layers of atoms (Fig. 4) [19]. However, the number
of voids in these close-packed structures is different, which
will be addressed further. Previous work has also shown that
the maximum diameter of a tetrahedral void (d4) is 0.45 R,
whereas that of an octahedral void (d8) is 0.828 R, where R
is the radius of the packed spheres, as derived from the close
packing sphere models [20].

2.1.3.  RCP
While FCC and HCP are the most efficient packing arrange-
ments, many  more  exist, such as simple cubic and body
centered cubic (BCC) [11,21]; their detailed information includ-
ing coordination numbers, number of particles per unit cell,
and packing efficiency are collected in Table 1 [21,22]. However,
these fully ordered models assume frictionless interactions
between the particles, such that diffusion is very fast on the
scale of the particles. In order to model systems in which fric-
tion is a non-negligible force and particle diffusion is slow,
random packing is considered. When a set of spheres is put
into a packed state, a random packed arrangement will gener-
ally result, and there exists a range of random-packing packing
factors, with an upper limit of 64% and a lower limit of 55%
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Fig. 2 – The unit cells of FCC and HCP arrangements; there are three representations for each: a space-filling cutaway model
that shows the portion of each atom that lies within the unit cell (a, d), a ball-and-stick model (b, e), and an arrangement of
atoms in a unit cell (c, f).

Table 1 – Comparison of various models of close sphere packing arrangements.

Unit cell Abbrev. Coordination numbera Number of particles per unit cell Approximate packing efficiency (%)

Simple cubic / 6 1 52
Body centered cubic BCC 8 2 68
Face centered cubic FCC 12 4 74
Hexagonal close packed HCP 12 6 74
Random close packed RCP 6 / 64
Random loose packed RLP 4 / 55

a Coordination number: the number of inter-particle contacts per atom [10].

Fig. 3 – Calculation of the packing factor of FCC arrangement (a), and HCP arrangement (b).

[23,24]. The upper limit is often referred as random close
packed (RCP), and the lower limit as random loose packed (RLP)
[25].

RCP in three dimensions has been studied experimen-
tally by shaking containers full of steel ball bearings and
extrapolating the measured densities to eliminate finite-size
effects [26,27]. RLP is a less well-defined concept than RCP,

dx.doi.org/10.1016/j.dental.2016.12.006
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Fig. 4 – Representative calculation of the maximum size of spherical particles fit into a tetrahedral void (a), and an
octahedral void (b), based on the close packing of identical sphere particles (D = 1000 nm).

and represents the loosest possible random packing that is
mechanically stable [25,26]. The empirically derived RCP and
RLP have coordination numbers of 6 and 4, respectively [28].

3.  Results

3.1.  Application  to  1000  nm  particle  system

FCC and HCP models are used to mathematically investigate
the effect of secondary particle size on the packing factors
of systems of close-packed spherical particles. Here, we give
a representative example where the largest spherical parti-
cles have a diameter of 1000 nm (D = 1000 nm). The calculation
of d4 and d8 is shown in Fig. 4. The theoretical void sizes d4

and d8 are 225 nm and 414 nm,  respectively. These theoreti-
cal calculations give us a better understanding of the effect of
particle compositions, and can be used to optimize the filler
formulations for dental resin composites.

3.2.  Theoretical  packing  factor

Here, we  select two types of secondary particles with sizes of
414 nm (dI) and 225 nm (dII), respectively, which correspond
to d8 and d4 of the 1000 nm primary spherical particles, as
discussed above. The effect of these two smaller embedded
spherical particles on the packing factor of the packed mixture
is calculated with Formula (2) and investigated below.

Packingfactor = Vs + V4 + V8
Vc

(2)

where Vs is the volume of the packed primary spherical parti-
cles in a unit cell, V4 is the volume of the embedded spherical
particles in tetrahedral voids, V8 is the volume of the embed-

ded spherical particles in octahedral voids, Vc is the total
volume of a unit cell.

3.2.1.  Secondary  spherical  particles  I
If using secondary spherical particles dI of a size matching the
octahedral voids d8 for the 1000 nm primary spherical parti-
cles, they will fit only into the octahedral voids, but not the
smaller tetrahedral voids. Thus four particles can be embed-
ded into an FCC structure or six into a HCP structure, on the
basis of the number of voids [29,30], and the corresponding V8

are shown in Table 2. Additionally, Vs and Vc for FCC and HCP
can be calculated from Fig. 3. Then, the packing factor of these
two arrangements after embedding the secondary spherical
particles I can both be simplified as the following Formula (3):

Packingfactor =
�
(

R3 + rI
3
)

3
√

2R3
(3)

where R is the radius of primary spherical particles, rI is the
radius of secondary spherical particles I.

Using 500 nm for R and 207 nm for rI in the above Formula
(3), it can be observed that the packing factors of both FCC
and HCP are increased to 79.50%, as shown in Table 2. This is
an improvement of 7.36%, compared with the 74.05% packing
factor without adding secondary spherical particles.

3.2.2.  Secondary  spherical  particles  II
Secondary spherical particles II of a size corresponding to the
tetrahedral voids (d4) of the 1000 nm primary spherical parti-
cles will fit into both tetrahedral voids and octahedral voids
of FCC or HCP arrangements. Each void is considered to be
filled with only a single particle. Consequently, according to
the analysis of the number of voids [29,30], V4 and V8 in a FCC
or HCP unit cell are also shown in Table 2. Vs and Vc of these
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292  d e n t a l m a t e r i a l s 3 3 ( 2 0 1 7 ) 288–293

Table 2 – Collection of the number and the volume of tetrahedral and octahedral voids in a unit cell of FCC and HCP of
primary spherical particles, and their packing factor after being fit into different secondary spherical particles.

Unit cell models Number of tetrahedral voids Number of octahedral voids V4 V8 Packing factor (%)

No secondary spherical particles
FCC 8 4 / / 74.05
HCP 12 6 / / 74.05

Secondary spherical particles I (dI = 414 nm)
FCC 8 4 / 4 × 4�

3 rI
3 79.50

HCP 12 6 / 6 × 4�
3 rI

3 79.50

Secondary spherical particles II (dII = 225 nm)
FCC 8 4 8 × 4�

3 rII
3 4 × 4�

3 rII
3 76.77

HCP 12 6 12 × 4�
3 rII

3 6 × 4�
3 rII

3 76.77

Secondary spherical particles I & II (dI = 414 nm & dII = 225 nm)
FCC 8 4 8 × 4�

3 rII
3 4 × 4�

3 rI
3 81.19

HCP 12 6 12 × 4�
3 rII

3 6 × 4�
3 rI

3 81.19

two arrangements are shown in Fig. 3. Therefore, the packing
factor of FCC or HCP arrangement after having the secondary
particles d4 embedded into them are also calculated from For-
mula (2) and simplified as Formula (4). The packing factor
obtained is increased to 76.77% for both arrangements, which
is an improvement of 3.67%, when compared to the 74.05%
obtained without secondary particles, and also lower than the
structure with the embedded d8 particles shown above.

Packingfactor =
�
(

R3 + 3rII
3
)

3
√

2R3
(4)

where R is the radius of primary spherical particles, rII is the
radius of secondary spherical particles II.

3.2.3.  Secondary  spherical  particles  I  &  II
For the sake of theoretical estimate, we  suppose that both
secondary spherical particles I & II may be used at the ideal
proportions to fit into the voids. In this ideal case, secondary
spherical particles I will only fit into the octahedral voids of
FCC or HCP arrangements, and secondary spherical particles
II will fit into the remaining tetrahedral voids. Each void is
considered to be filled with only one particle of the ideal size
without any misplacement. Therefore, based on the number of
voids discussed previously, V4 and V8 in a FCC or HCP unit cell
are shown in Table 2. Vs and Vc for FCC and HCP are shown in
Fig. 3. The packing factor after embedding the secondary par-
ticles I & II can be calculated from Formula (2) and simplified
as Formula (5).

Packingfactor =
�
(

R3 + 2rII
3 + rI

3
)

3
√

2R3
(5)

where R is the radius of primary spherical particles, rI and rII

are the radius of secondary spherical particles I & II.
The packing factor increases to 81.19% for both FCC and

HCP arrangements, which shows an improvement of 9.64%,
compared to the 74.05% obtained without any secondary par-
ticles. This packing factor is also higher than either structure
with the embedded d8 particles or d4 particles analyzed above.

3.2.4.  Deviations  from  ideality  and  limitations
The calculations and analyses presented herein portray dental
resin composites as ideal, and more  importantly static sys-
tems. They are derived from an arrangement of particles in
colloidal crystal structures with full regularity and coordina-
tion. In actuality, given the practical requirement of composite
pastes malleability, a certain amount of excess resin matrix
must be included to allow the movement  and rearrange-
ment without breakage. Even under ideal conditions, a system
packed to 74.05 vol% would be a solid material rather than
a plastic paste, and so such a high loading would not be
achievable in practice. In this study, the filler particles are
considered non-interacting hard spheres. This approximation
would be fairly accurate for large particles (>500 nm), where
the surface–resin interactions are low, but becomes increas-
ingly inaccurate as the filler surface area increases. In such
cases, an exponential increase in composite paste viscosity
causes composite processing and handling to become prob-
lematic [10,31].

A further limitation of this study is that we  only analyze the
two largest sizes of spherical particles that could fit into the
tetrahedral and octahedral voids of the close-packed struc-
tures (FCC and HCP); these voids could also be filled using
commensurately smaller particles.

4.  Conclusion

In summary, a theoretical calculation method from first prin-
ciples was used for the optimization filler formulations for
dental resin composites, based on the close-packed structures
of monodisperse spherical fillers. For a single spherical filler
size, the maximum packing efficiency of identical spherical
particles is approximately 74.05 vol%, regardless of the sphere
size. This value may be further increased with the use of a
mixture of large- and small-size particles. As a representative
example, the calculations were applied to obtain the maxi-
mum size of secondary spherical particles which can fit into
the tetrahedral voids and octahedral voids. The resulting pack-
ing factors after embedding the secondary spherical particles
are shown, the best of which was 81.19% when using two sec-
ondary particles corresponding to the octahedral void size and
the tetrahedral void size. These secondary fillers increased the
packing factor by 9.64% compared with that of the primary
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particles alone. This work shows the application of close-
packed structures in optimizing filler formulations of dental
resin composites, which could also find potential use in other
particle-reinforced materials.

It should however be noted that the application of close-
packed structures in filler formulations is an idealized model,
and that random packing may be the real packing arrange-
ment. In this estimation, we do not consider the variations
in particle size and shape, and the wetting requirement of
the resin monomers (resin types and weight fractions) for the
close-packed fillers, and it is clear that in practice the filler
packing may be affected by these factors. Our prospective
work will be focused on designing a series of handleable den-
tal composites with the optimized formulations discussed in
this study, and we intend to further investigate the effect of
secondary particle size on the packing factor and the physical-
mechanical properties of the final resin composites, so as to
evaluate all presented theoretical calculations in reality.
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