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Glass beads a few hundred micrometers in size were added to aqueous b-tricalcium phosphate pastes to
simulate the effect of porogens and drug-loaded microspheres on the injectability of calcium phosphate
cements and putties. The composition of the pastes was monitored during the injection process to assess
the effect of glass bead content, glass bead size and paste composition on the paste injectability. The
results revealed that the injection process led to both liquid and glass bead segregations: the liquid
flowed faster than the glass beads, which themselves flowed faster than the b-tricalcium phosphate
microparticles. In fact, even the particle size distribution of the glass beads was modified during injection.
These results reveal that a good design of multiphasic injectable pastes is essential to prevent phase
separation.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The discovery of calcium phosphate cement (CPC) in the early
1980s [1,2] has paved the way towards the design of biomaterials
able to be implanted using mini-invasive surgery techniques, to fill
perfectly all types of bone defects, regardless of their shape, and to
set in situ to provide early mechanical properties. CPCs have there-
fore been extensively studied in the last 30 years [3,4].

One of the CPC drawbacks is their limited capacity to be
extruded through a syringe coupled with a thin long cannula or,
in other words, their poor injectability [5–7]. Indeed, upon
extrusion of a mineral paste, a phase separation generally occurs
between liquid and solid: the extruded paste contains more liquid
than the initial one; thus, the paste remaining in the injection
device gradually becomes water-depleted and a dense cake of
particles forms at the plunger side [5,6,8]. This leads to non-
homogeneity of the extrudate, deviation from the initial liquid to
powder ratio, alteration of the in situ setting reaction and of the
cement properties, and halting of the injection due to syringe
plugging [3,5,6,8].
This phenomenon, also known and studied in some non-
medical applications (soil mechanics, food industry, granulate
and cementitious materials, extrusion/spheronization processes,
injection moulding of ceramics) [9–14] has been referred to as
phase separation, phase migration or ‘‘filter-pressing’’ [5].

This phase separation mechanism has been detailed in previous
studies, both from a theoretical [5,11,12] and from an experimental
[5–9,11] point of view. Strategies are known to reduce or even
eliminate filter-pressing: the predisposition of the liquid phase to
filter through the solid phase has to be reduced. For example, both
the use of finer or milled particles to fill the voids and decrease the
permeability of the powder constituting the solid phase [5,8,15]
and the addition of a hydrogel in the liquid phase to increase its
viscosity [5,16] have been tested with success.

So far, these strategies have been applied to CPCs composed of a
micro-sized powder (mean size typically close to 1–10 lm) and of
a liquid. However, there has been a trend lately to incorporate lar-
ger particles in the cement paste [3,4,17–26], for example to create
macroporosity and increase the rate of new bone formation
[18,21,23,25], to release drugs and bioactive molecules
[19,20,24], or even to release cells for tissue engineering and bone
regeneration [17].

In parallel, another approach has also been proposed and stud-
ied in recent papers: designing injectable pastes consisting of cal-
cium phosphate (CaP) granules conveyed by means of a hydrogel
[22,27–31]. In this strategy, the inter-granular space and the ease
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of access to the surface of the granules permit the facilitation of cell
invasion and the release of bioactive molecules.

In both these approaches (introduction of bigger particles in
cement pastes and delivery of CaP granules), the use of
millimeter-sized particles is likely to decrease the injectability of
the pastes and increase the filter-pressing phenomenon. It also
may lead to size separation. Indeed, previous studies have
shown that finer particles in a bimodal suspension behave
essentially as a fluid toward the coarser particles [32]. As CPC
pastes are prone to phase separation between liquid and solid
phases, the question arises whether it could also be liable to size
segregation between coarser (100–500 lm) and smaller (1–
10 lm) particles [33].

Therefore, the aim of this study is threefold: (i) to assess the ef-
fect of millisized particles on the injectability of a calcium phos-
phate paste and on the filter-pressing phenomenon occurring
during the injection, (ii) to compare the injectabilities of cement
pastes and of putties composed of large granules embedded in a
hydrogel, and (iii) to investigate whether the extrusion of a paste
loaded with beads leads to size separation between bigger and
smaller particles. Aims (i) and (iii) were partly addressed in a pre-
vious extended abstract [34].

To allow deeper investigation of the injectability and of the fil-
ter-pressing phenomenon, a model system was selected: the
pastes were composed of non-setting mixtures of b-tricalcium
phosphate (b-TCP; b-Ca3(PO4)2) powder, water or hydrogel
solution and millimeter-sized spherical particles. The latter beads
consisted of non-soluble glass beads (mean diameter ranging from
150 to 400 lm).
Table 1
Conversion between vol.% and wt.% of glass beads within pastes and putties.
B = beads, L = liquid phase, P = powder.

Pastes Putties

B/(L + P + B) (vol.%) B/(L + P + B) (wt.%) B/(L + B) (vol.%) B/(L + B) (wt.%)

0 0 0 0
10 13 10 21.7
20 25 20 38.5
30 36.5 30 51.7
35 42 35 57.4
38.5 45.6 38.5 61
40 47 40 62.5
45 52.3 45 67.2
50 57.2 50 71.4
55 62 55 75.3
2. Materials and methods

2.1. Pastes and putties preparation

In this paper, the word ‘‘paste’’ designates a mixture made of
b-TCP powder (P), glass beads (B) and a liquid phase (L), which
models the typical cement pastes. The word ‘‘putty’’ designates
the association of beads together with a hydrogel carrier (B + L),
which does not contain any b-TCP powder.

In all the pastes, the model powder was b-TCP (Ca3(PO4)2,
purum p.a., art. No 21218, Sigma–Aldrich, Steinheim, Germany;
density = 3.1 g cm–3). Its particle size distribution was measured
in demineralized water with a laser diffraction particle size
analyzer (LS 13 320, Beckman-Coulter, Krefeld, Germany). Its
morphology was observed using a scanning electron microscope
(EVO MA25, Zeiss, Germany) and the following protocol: the
powder was suspended in ethanol; a drop of this suspension was
spread on a sample holder and after evaporation of the solvent,
the powder was coated with platinum during 60 s. This corre-
sponded to a Pt layer thickness of 10 nm. The b-TCP powder was
chosen for two main reasons: it has similar properties compared
to the CaP powders commonly used for bone cements (e.g. its
particle size distribution) and it does not set when in contact with
a liquid phase. It is thus possible to explore the filter-pressing
phenomenon in a reproducible manner without time constraints
or risk of rheological evolution of the paste during the time elapsed
between injection tests and samples characterization.

The liquid phase of pastes consisted either in demineralized
water or in 0.5 wt.% sodium hyaluronate solution, prepared by
dissolving sodium hyaluronate (Na hyaluronate 2.0 MDa, Lifecore
Biomedical) in demineralized water, and stirred overnight to
ensure a complete dissolution of the powder and hydration of
the polymer molecules. The latter Na hyaluronate solution was
also used as the liquid phase for putties. It was assumed that its
density was 1 g cm�3.
Different weight percentages (0–42%) and sizes (diameters be-
tween 156 and 390 lm) of glass beads (Spheriglass� CP01 ref.
2024, 1922, 1821, 1619, Potters Europe; density = 2.5 g cm–3) were
introduced into pastes and putties. The weight percentages were
calculated considering that the paste (P + B + L) represented 100%
of the weight. As the amount of beads both before being intro-
duced into the pastes and after injectability tests was assessed
by measuring the beads’ weight (see Section 2.3), the quantity of
beads present in the various pastes was expressed as weight per-
centages. For example, 25, 36.5 and 42 wt.% corresponded, respec-
tively, to volume percentages of 20, 30 and 35 vol.% of beads in the
pastes (P + B + L = 100%) (Table 1). Bulk density of beads was as-
sessed for all sizes: 100 g of beads were introduced into a gradu-
ated cylinder and pressed with a flat-bottomed tube to read the
volume occupied by the beads directly on the cylinder scale. This
volume was then used to calculate the bulk density. Measurements
were done in triplicate and results were expressed as mean ± stan-
dard deviation. The glass beads used here were chosen for their
sphericity, for their diameters close to the typical sizes of particles
usually introduced in cement pastes, and for their chemical stabil-
ity in the liquid phases.

Powder and beads were first introduced into a plastic beaker
(weight ± 1 � 10�4 g) and manually pre-mixed; then the liquid
phase was added with a fixed liquid-to-powder ratio (LPR, i.e. ratio
of L/P) of 0.45 ml g–1 and the mixture was stirred manually with a
spatula until the paste became homogeneous. Putties were pre-
pared in a similar way: the glass beads were added to the sodium
hyaluronate gel and mixed until an optically homogenous paste
was obtained.
2.2. Injection tests

The injection test protocol was exactly the same for pastes and
putties. After manual mixing of the components (P + B + L), the
resulting paste was transferred into a 1 ml syringe (BD Luerlock,
Beckton Dickinson, USA; inner diameter: 4.5 mm; opening diame-
ter: 1.9 mm). This syringe type was used because similar syringes
are used for bone augmentation procedures and because the syr-
inge tip has a diameter in a typical range for cannulas used for ce-
ment injections. The plunger was then manually inserted from
above into the vertically held syringe so that its lowest part
reached the 1 ml graduation. In other words, a pre-load had to be
applied onto the paste. The syringe was then inserted in a custom-
ized metallic gutter, which minimized the expansion of the syringe
walls during the measurements (Fig. 1). The injection tests were
performed without any cannula. Since the diameter of the biggest
beads that were introduced into the pastes was 390 lm, the size
ratio between the syringe opening diameter and the beads was
close to 5.



Fig. 1. Experimental set-up used for the injection tests. Three samples correspond-
ing to different plunger displacement ranges were collected: in the first 20 mm of
the plunger displacement (‘‘0–20’’), between 20 and 40 mm (‘‘20–40’’) and after
40 mm (‘‘40–end’’). The fourth sample was the paste remaining in the syringe
(‘‘syr’’).
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Injectability was measured using a compression testing ma-
chine (zwicki-Line Z5.0, Zwick, Kennesaw, GA, USA). The force ap-
plied on the plunger was recorded at a constant displacement rate
of 0.4 mm s–1. In this paper, the term ‘‘injectability curve’’ (load vs.
plunger displacement) refers to the plot resulting from the average
of at least three replicas (error bars representing standard devia-
tions). The injection load was measured from the injectability
curve: it was defined as the load at 5 mm of plunger displacement
(n > 3) to avoid transient effects, as proposed by Bohner and
Baroud [5].

Model pastes, which were extruded during these tests, were
collected at three different displacement ranges, i.e. in the first
20 mm of the plunger displacement (hereafter denoted ‘‘0–20’’),
between 20 and 40 mm (‘‘20–40’’) and after 40 mm (from 40 to
60 mm when the paste was completely injectable, designated by
‘‘40–end’’). Measurements were stopped when the load required
to extrude the paste from the syringe reached 250 N.

The injectability of the paste was defined as the weight fraction
of the paste which could be extruded from the syringe until a
250 N load was reached. When the paste was not fully injectable,
the paste left in the syringe (‘‘syr’’) was then retrieved and ana-
lyzed together with the extruded samples. Hence, one tested paste
led to a maximum of four samples after injection (‘‘0–20’’, ‘‘20–40’’,
‘‘40–end’’ and ‘‘syr’’; Fig. 1).

To evaluate the phase separation between liquid (L) and solid
phase (P + B) during injection, two approaches were used. In the
first approach, the slope of the intermediate region of injection
curves was determined. In this paper, the value of this slope is
mentioned as filter-pressing rate (or FP rate). In the second ap-
proach, the paste composition of the various samples collected
during extrusion was followed.
2.3. Characterizations of samples after injection tests

Samples collected during injection tests were submitted to two
successive processes. The first process involved a thermal treat-
ment to either evaporate water (78 �C, 400 mbar, until constant
weight was reached) or calcine the hydrogel solution (600 �C,
2 h). Tests performed on (P + B + L) blends of known composition
showed that this protocol enabled the determination of the liquid
weight with a relative error smaller than 0.03%. The second process
involved the dissolution of b-TCP powder in hydrochloric acid
(HCl) solution. Briefly, after the removal of the liquid phase, the
blends containing powder and beads were introduced into centri-
fugation tubes together with 7 ml of freshly prepared 1 M HCl (pre-
pared from HCl 32%, Merck, Germany). Suspensions were first
homogenized then centrifuged for 2 min at 4000 rpm (Centrifuge
5810R, Eppendorf, Hamburg, Germany). The HCl solution was re-
freshed and the process was repeated once to ensure a complete
dissolution of the b-TCP powder. Then, the HCl solution was re-
moved and replaced by 7 ml demineralized water to rinse the
beads. The rinsing step was repeated, then water was poured out
and the beads were dried in the drying oven with the same proto-
col as previously described (75 �C, 400 mbar). Tests performed on
(P + B) standards showed that this protocol enabled the determina-
tion of the weight of beads within the blends with a relative error
smaller than 0.03%. Moreover, when there were no beads in the
tested pastes (reference pastes), the measurements led to a mean
weight of –0.0005 ± 0.0004 g. They were all set to 0 for the calcula-
tions. The procedure described herein permitted the determination
of the weights of L, P and B, thus allowing the calculation of
L/(P + B) and P/B ratios (wt.%) in the different portions of the
extruded paste (‘‘0–20’’, ‘‘20–40’’ and ‘‘40–end’’) and in the paste
remaining in the syringe (‘‘syr’’).

Following these successive treatments, only the glass beads
remained. Their sizes were determined by image analysis (Image
Access 11 Premium, Imagic Bildverarbeitung AG, Glattbrugg,
Switzerland) and compared to the size of as-received beads. To
do so, the collected samples were shaken end-over-end for 1 min
to ensure a homogeneous distribution. They were then dispersed
on the surface of a white double-sided adhesive tape placed on a
glass slide. The beads were examined using an optical microscope
(Leica M250A). At least three pictures were taken on different
locations on the slide and the diameter of all beads present on
the photos was assessed. Measurements from the different microg-
raphies were compared by statistical analysis to ensure that the
results were representative of the samples. The median diameter
D50, i.e. the median point along the cumulative size distribution
(50% of the beads were smaller than this value), was determined,
as well as D10 and D90 (10 and 90%, respectively, of the beads were
smaller than these values).
2.4. Statistical analysis

Bead size was varied with a constant bead fraction of 42 wt.%
while bead volume fraction was varied with bead sizes of 156
and 390 lm. The composition of the paste was compared at differ-
ent injection fractions (‘‘0–20’’, ‘‘20–40’’, ‘‘40–end’’ and ‘‘syr’’). The
influence of bead size, bead fraction and injection fraction on the
composition of the pastes and the injection force was analyzed
by ANOVA tests on at least three replicas. Significance of differ-
ences was set at p < 0.01, unless stated.
3. Results

3.1. Characterization of powder and beads constituting the solid phase

The b-TCP powder had a monomodal particle size distribution
with a median value (D50 in number) of 1.8 ± 0.4 lm. As shown
in Fig. 2e, few particles were agglomerated.

Micrographies of the glass beads are presented in Fig. 2. In
general, the D10, the D50 and the D90 which were measured, were
smaller than those provided by the supplier (Table 2). Moreover,
the size ratio between the two components of the solid phase
(i.e. b-TCP powder and glass beads) varied between 44 and 156).



Fig. 2. Micrographs of the four different types of glass beads (B) and of the b-TCP powder (P): (a) 156 lm beads, (b) 203 lm beads, (c) 240 lm beads, (d) 390 lm beads,
(e) b-TCP powder.

Table 2
Sizes of the glass beads: the two first columns contain values provided by the supplier; the third and fourth columns contain values measured in this study, as described in Section 2.3;
the fifth column contains the D50/D50 ratio between glass beads and b-TCP powder (both D50 values measured here); the last column displays the bulk density of the beads.

D50 (lm) (supplier
data)

D10–D90 range (lm) (supplier
data)

D50 (lm)
(measured)

D10–D90 range (lm)
(measured)

Beads/b-TCP powder size ratio
(D50/D50)

Bulk density
(g cm–3)

156 106–212 80 16–157 44 1.429 ± 0.001
203 150–250 125 40–200 69 1.412 ± 0.006
240 180–300 120 34–212 67 1.437 ± 0.012
390 250–425 280 90–390 156 1.471 ± 0.002
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For convenience, the D50 provided by the supplier was used to
name the four different types of beads. For example, the smallest
beads were denoted ‘‘156 lm beads’’.

3.2. Injectability and injection force

To fulfill the goals of this study, it was necessary to extrude
enough paste to be analyzed while simultaneously experiencing
filter-pressing phenomena. Therefore, the test conditions were
chosen so that the paste containing only b-TCP and demineralized
water (0% beads) had an injectability slightly lower than 100%
(82 ± 1%; Table 3): the plunger displacement reached 50 mm at
the most (Fig. 3a), compared to 59 mm for empty syringes.

Injectability curves of the pastes were composed of three
distinct zones (Fig. 3a). A very rapid increase of the load was
observed during the first millimeters of displacement (Fig. 3b). In
the second stage, the extrusion forces were characterized by a
plateau in the absence of phase separation or by a slow increase
when injectability was poor. In the last portion, the load increased
Table 3
Injectability, injection load and filter-pressing (FP) rate of model pastes containing differe

Beads fraction (B) (wt.%) 0 13

156 lm beads Injectability (%) 82 ± 1 n.t.
Load at 5 mm (N) 1.5 ± 0.1 n.t.
FP rate (N mm–1) 0.3 ± 0.2 n.t.

390 lm beads Injectability (%) 82 ± 1 83 ± 4
Load at 5 mm (N) 1.5 ± 0.1 3 ± 2
FP rate (N mm–1) 0.3 ± 0.2 0.4 ± 0.2

Some mixtures were not tested (‘‘n.t.’’), so no values were reported. Beyond 42 wt.% of 3
remained blocked in the syringe.
abruptly until 250 N, the load at which the injection system was
stopped (Fig. 3a). Since the increase was so abrupt and the y-error
bars became so large, it was decided to show only horizontal error
bars. The horizontal error bars measured at 250 N correspond in
fact to the error bars of the extruded weight shown in Fig. 2.

The percentage of extruded paste was significantly increased
when a limited amount of 156 lm beads was introduced into the
pastes (from 82 ± 1% without beads to 93 ± 2% with 42 wt.% beads;
Table 3). Simultaneously, a tenfold increase of injection force was
noticed (Table 3). With 390 lm beads, the injection force was also
markedly increased (Table 3, Fig. 4), but the injectability either
remained constant or dropped drastically (beyond 36.5%
beads). Pastes made with 45.6% beads were not amendable
to injection.

For pastes composed of a given bead volume and of demineral-
ized water as liquid phase, Fig. 5 highlights that the total length of
the plunger course was reduced with increasing size of included
beads (data for 203 lm beads are not plotted for clarity reasons).
More specifically, it decreased drastically when using beads of
nt sizes and amounts of beads (n P 3).

25 36.5 42 45.6

86 ± 8 n.t. 93 ± 2 87 ± 10
3 ± 2 n.t. 14 ± 8 16 ± 8

0.1 ± 0.1 n.t. 0.4 ± 0.2 0.7 ± 0.3
79 ± 2 81 ± 5 35 ± 5 Not amendable to injection
14 ± 9 23 ± 11 35 ± 16 Not measurable
0.7 ± 0.2 2.7 ± 0.4 5 ± 1 Not measurable

90 lm beads, it was no longer possible to conduct injection experiments: the paste



Fig. 3. (a) Injectability curves presenting the evolution of the extrusion force with
the plunger displacement for pastes containing different percentages (wt.%) of
390 lm beads (n P 3 for each curve, error bars represent SD). (b) Zoom of the
beginning of the injectability curves for pastes containing different percentages of
390 lm beads (error bars have been removed for clarity reasons).

Fig. 4. Comparison of the injectability (= extruded weight) of model pastes
prepared with different liquid phases (L = demineralized water and L = 0.5% Na
hyaluronate solution) and of putties (L = 0.5% Na hyaluronate solution), as a
function of the weight ratio of included 390 lm beads.

Fig. 5. Injectability curves presenting the evolution of the extrusion force with the
plunger displacement for pastes containing 42 wt.% beads of different sizes (n P 3
for each curve, error bars represent SD).

Table 4
Injectability, injection load and filter-pressing rate of model pastes prepared with
demineralized water or with 0.5% sodium hyaluronate solution (NaHy) (percentage of
included beads = 42 wt.%) (n P 3).

Liquid phase Demineralized water 0.5%
NaHy

D50 of the beads
(lm)

156 203 240 390 390

Injectability (%) 93 ± 2 90 ± 6 87 ± 3 35 ± 5 80 ± 10
Load at 5 mm (N) 14 ± 8 11 ± 6 19 ± 7 35 ± 16 5 ± 3
FP rate (N mm–1) 0.4 ± 0.2 0.4 ± 0.1 0.6 ± 0.5 5 ± 1 0.7 ± 0.6
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diameter 390 lm instead of 240 lm. Injectability also dropped
with increasing bead size. For the 42 wt.% bead fraction, the per-
centage of extruded paste reduced from 93 ± 2% for the 156 lm
beads to 35 ± 5% for the 390 lm ones. A concomitant increase in
injection load was also noticed (Table 4).

Different routes have been proposed in the past to improve the
injectability of mineral pastes; two of them were selected and
investigated here. The first strategy was to increase the viscosity
of the liquid phase: a 0.5% sodium hyaluronate solution was used
instead of demineralized water. For the same volume and size of
included beads, this permitted both the increase in the injectability
of the paste from 35 ± 5 to 80 ± 10% and the reduction of the injec-
tion load sevenfold (Fig. 4, Table 4): it dropped to 5 ± 3 N, which
was a lower value than the load required to extrude pastes pre-
pared with demineralized water, regardless of the size of included
beads (Table 4). However, the 80 ± 10% injectability was still signif-
icantly lower than the extruded percentage when putties (same B
and same L but no P) were used instead (Fig. 4). Moreover, a further
increase of bead volume (from 42 to 57.2 wt.%) resulted in a very
low injectability of 12 ± 2% (Fig. 4).

The second approach investigated here was the use of a broader
bead size distribution. In this view, a mixture of the smallest and
the biggest beads (156 lm and 390 lm) was prepared. The total
amount of beads within the paste (i.e. B/(L + P + B)) was set to
42 wt.% but the proportion of the smallest beads compared to the
biggest ones varied. Results are given in Table 5. Adding only 1/3
of 156 lm beads resulted in a better packing of the beads: the bulk
density of the beads rose from 1.471 ± 0.002 g cm�3 for 390 lm
beads only to 1.517 ± 0.000 g cm�3 for the blend (Table 5). A large
increase of injectability was also experienced, from 35 ± 5 to
85 ± 5%, which was close to the injectability of the paste containing
only 156 lm glass beads (93 ± 2%) (Table 5).
3.3. Phase separation

Two approaches were used to evaluate phase separation be-
tween liquid (L) and solid phase (P + B) during injection. In the first
approach, the paste composition (L/(P + B) ratio) of the various
samples collected during extrusion was monitored. In the second
approach, the filter-pressing rates of the pastes (slopes of the



Table 5
Bulk density of bead blends and injectability, injection load and filter-pressing rate of model pastes containing a mixture of 156 lm and 390 lm beads (the total amount of beads
was kept constant = 42 wt.%) (n P 3).

Fraction of 156 lm beads 1 2/3 1/2 1/3 0

Bulk density (g cm–3) 1.429 ± 0.001 1.494 ± 0.011 1.512 ± 0.006 1.517 ± 0.000 1.471 ± 0.002
Injectability (%) 93 ± 2 90 ± 3 86 ± 2 85 ± 5 35 ± 5
Load at 5 mm (N) 14 ± 8 10 ± 10 12 ± 3 21 ± 22 35 ± 16
FP rate (N mm–1) 0.4 ± 0.2 0.3 ± 0.3 0.3 ± 0.1 0.25 ± 0.06 5 ± 1

Fig. 6. (a) L/(P + B) ratio in extruded samples and in the remaining paste (‘‘syr’’) as a
function of the plunger displacement range (0–20, 20–40 and 40–end) for different
weight fractions of 156 lm beads. The bars represent the standard deviation.
(b) L/(P + B) ratio in extruded samples and in the remaining paste (‘‘syr’’) as a
function of the plunger displacement range (0–20, 20–40 and 40–end) for different
weight fractions of 390 lm beads. The bars represent the standard deviation.
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injection curves in the intermediary part) were determined and
analyzed (Tables 3–5).

The L/(P + B) ratio of the pastes remained constant throughout
the injection (from 0 to end, Fig. 6). This ‘‘extruded L/(P + B) ratio’’
was significantly higher than the initial L/(P + B) ratio and higher
than the L/(P + B) ratio of the paste remaining in the syringe
(‘‘syr’’, Fig. 6, Table 6). These results indicate that the extruded
paste contained proportionally more liquid than the initial one.
As a result, the paste remaining in the syringe was water-depleted
and its final L/(P + B) ratio was low. Interestingly, the final L/(P + B)
Table 6
L/(P + B) ratio of extruded paste (from 0 to end) compared with L/(P + B) ratio of the past

Percentage of included beads (wt.%) 25% introduced L/(P + B): 30.3 ± 0

Size of included beads L/(P + B)
0–end

L
s

156 lm beads 30.7 ± 0.2% 1
203 lm beads n.t. n
240 lm beads n.t. n
390 lm beads 30.2 ± 0.4% 2

Results are displayed for different sizes and amounts of model beads (n P 3). Some mix
ratio (‘‘syr’’) varied with the amount of introduced beads but was
independent of their sizes. For example, for 42 wt.% of included
beads, the L/(P + B) ratio of the paste remaining in the syringe
was equal to 14 wt.% independently of the beads size (Table 6).

The filter-pressing rates were different for the smallest and the
biggest beads. No matter how many 156 lm beads were added
into the pastes, the FP rate remained unchanged (Table 3). On
the contrary, with 42 wt.% 390 lm beads, the FP rate increased
from 0.3 ± 0.2 N mm–1 without beads to 5 ± 1 N mm–1 (Table 3).
In the latter case, the high FP value was related to liquid phase
migration since the extruded L/(P + B) ratio was 35 ± 3%, i.e. more
than 1.5 times the initial one (Table 6).

Examining the effect of the bead size at 42 wt.%, there was only
a significant increase of the FP rate for largest beads, the 390 lm
beads (Table 4).

When demineralized water was replaced by sodium
hyalorunate solution as a liquid phase, or when one third of the
390 lm beads was replaced by 156 lm beads, the FP rate de-
creased from 5 ± 1 to 0.7 ± 0.6 N mm–1 (Table 4), respectively, to
0.25 ± 0.06 N mm–1 (Table 5). This reduction was correlated with
the decrease of the phase separation since the L/(P + B) ratio of
the extruded paste containing 1/3 of 156 lm beads and 2/3 of
390 lm beads (for a total of 42 wt.% of beads) dropped to
21.2 ± 0.1 wt.%, which corresponded to the L/(P + B) ratio of the ini-
tial paste.

3.4. Size separation

Whatever the size and the proportion of included beads, the P/B
ratio of the paste extruded during the first 40 mm of plunger dis-
placement was significantly lower than the initial value (Figs. 7
and 8). Also, the P/B ratio increased slowly along the plunger dis-
placement. In other words, beads were initially extruded preferen-
tially compared to b-TCP powder, which resulted in the
enrichment in powder (higher P/B value) of the paste remaining
in the syringe (Figs. 7 and 8). This evolution was observed for all
but one tested pastes. The exception was for the highest tested
amount (42 wt.%) of the biggest beads (390 lm) for which an in-
crease of P/B ratio was observed (Fig. 8). As a consequence, the
paste remaining in the syringe was powder-depleted and its P/B ra-
tio was only 82 ± 13 wt.%. Interestingly, when the paste was also
prepared with 42 wt.% of the same sized beads, but using the so-
dium hyaluronate solution instead of water as a liquid phase, the
evolution of the P/B ratio followed the same trend as previously
e remaining in the syringe at the end of injection experiments.

.3% 42% introduced L/(P + B): 22.1 ± 0.1%

/(P + B)
yr

L/(P + B)
0–end

L/(P + B)
syr

9 ± 1% 21.7 ± 0.2% 14 ± 4%
.t. 20.6 ± 0.1% 14 ± 2%
.t. 20.4 ± 0.1% 14.1 ± 0.3%
0.5 ± 0.4% 35 ± 3% 13.9 ± 0.1%

tures were not tested (‘‘n.t.’’), so no values were reported.



Fig. 7. (a) P/B ratio in extruded samples and in the remaining paste (‘‘syr’’) as a
function of the plunger displacement range (0–20, 20–40 and 40–end) for different
weight fractions of 156 lm beads. The bars represent the standard deviation. (b) P/B
ratio in extruded samples and in the remaining paste (‘‘syr’’) as a function of the
plunger displacement range (0–20, 20–40 and 40–end) for different weight
fractions of 390 lm beads. The bars represent the standard deviation.

Fig. 8. P/B ratio in extruded samples and in the remaining paste (‘‘syr’’) as a
function of the plunger displacement range (0–20, 20–40 and 40–end) for different
bead sizes. All pastes included the same weight ratio of beads equal to 42 wt.%.
Except for the symbols (N) (L = 0.5% Na hyaluronate solution), the liquid phase was
demineralized water. The bars represent the standard deviation.

Fig. 9. Example of cumulative particle size distributions of the beads collected from
the different samples of extruded paste corresponding to three different ranges of
plunger displacement (0–20 mm, 20–40 mm, 40 mm to the injection halt) and of
the paste which remained in the syringe at the end of the test. These results were
obtained with one paste containing 25 wt.% of 156 lm beads.
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described for lower bead contents: the extruded P/B ratio was low
during the first millimeters and kept increasing during the injec-
tion test (Fig. 8).

These results show that larger particles (beads) moved with a
different speed than the smaller ones (powder) and raised the
question whether bead size separation occurred during injection.
To answer this question, the size distribution of the beads collected
from the different fractions of extruded pastes (‘‘0–20’’, ‘‘20–40’’,
‘‘40–end’’ and ‘‘syr’’) was measured. An example of the cumulative
size distributions that were obtained with a paste containing
25 wt.% of 156 lm beads is presented in Fig. 9: the particle size dis-
tribution was gradually shifted towards smaller sizes all along the
plunger progression. The median diameter D50 of each fraction of
beads was calculated and statistical analysis was performed on
the results. It highlighted that the D50 of the beads that were ex-
truded during the first 20 mm of plunger displacement was always
significantly higher than the D50 of the beads collected in the paste
remaining in the syringe. This confirmed what was experienced
with the separation between beads and powder: in all cases, larger
particles tended to be extruded preferentially than smaller ones.

4. Discussion

The powder and beads used in this study were chosen to simu-
late the composition of pastes containing large and spherical par-
ticles into a solid phase generally composed of microparticles
(�10 lm). To focus on the phase and size separation mechanisms
occurring in such pastes, two choices were made. Firstly, the model
pastes tested in this study did not set or harden. It is known from
previous studies that the kinetics of setting reaction has an influ-
ence on the injectability of pastes [5,35]. However, the main aim
here was not to report how much paste could be extruded but to
examine the phenomena underlying phase and size separations.
Secondly, to investigate the sole influence of the addition of beads,
it was purposely chosen to incorporate non-soluble glass beads
that would evolve neither during the injection process nor during
the characterization stages (no solubilization, no degradation, no
deformation, no absorption). This approach models the introduc-
tion of spherical particles which do not interact chemically with
the carrier (hydrogel or cement paste) [29,31]. Importantly, both
the glass beads and the b-TCP powder were hydrophilic and could
be very easily mixed with the aqueous phase to form homogeneous
pastes.

4.1. Characterization of powder and beads constituting the solid phase

The particle size distribution and the morphology of the b-TCP
powder were similar to those of CaP powders commonly used for
bone cements [8,31,35]. Moreover, the size ratio between the
two components of the solid phase (P and B) varied between 44
and 156 (Table 2). Considering that the size of glass beads was also
close to typical diameters of beads described in the literature
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[17,19,23,31], the size distributions and the size ratio of P and B
were suitable to model real cement pastes at one point of their set-
ting course.

In general, the D10, the D50 and the D90 which were measured
for the glass beads were smaller than those provided by the sup-
plier (Table 2), presumably because the measurement method
was different (image analysis vs. sieving).
4.2. Injectability and injection force

The profile of the injectability curves of pastes and putties was
characteristic of mineral pastes extrusion, as described in previous
studies [5,6,10,35]. The injectability curves could be decomposed
in three distinct stages. The first stage, characterized by a transient
and rapid increase of the load (Fig. 3b) was assigned to the com-
paction of the paste in the syringe [13]. This transient stage ended
when the yield load required for the paste to start flowing through
the syringe opening was reached [13,35]. This was always achieved
before a 5 mm plunger course (Figs. 3 and 5), where the value for
the injection load was measured.

In the second stage, the extrusion forces were characterized by
a plateau in the absence of phase separation or by a slow increase
when filter-pressing occurred [5,8,10,13]. Also, the scattering of
the injection loads increased both with bead sizes and with vol-
umes (Table 3, Figs. 3a and 5). The same observation was made
for putties containing high contents of beads (>65 wt.%, data not
shown). This could be related to an increase of bead–bead
interactions.

In the last zone of the injection curves, loads increased sharply
until the injection came to a halt (Figs. 3 and 5), either because all
the paste had been extruded and the plunger met the end of the
cannula or because, whatever the load, the paste remaining in
the syringe at this point was no longer amendable to injection
[6,33,35].

Even without any cannula, the reference paste (0% beads) was
not completely injectable (injectability = 82 ± 1%). This observation
was consistent with results obtained by Habib et al.: although they
worked with a higher displacement rate, which improves injecta-
bility [6], they needed a higher LPR (0.6 ml g–1) to obtain a 100%
injectable paste [33]. On the contrary, Montufar et al. obtained
completely injectable pastes with the very same LPR (0.45 ml g–1)
and a lower displacement rate [35].

It is also worth noting that, in this study, the maximum injecta-
bility could never reach 100% since a small quantity of residual
paste always remained in the tip of the syringe.

In the literature, the injectability of cement pastes was gener-
ally observed to decrease with an increase of particle size
[5,8,15,35] and solid phase fraction [5–8,35]. This was correlated
with an increase of injection force. The same behavior was ob-
served with CaP beads injected in a hydrogel vehicle [29,31]. In
the present case, increasing the size of included beads into pastes
also led to a significant decrease of the injectability and to an in-
crease of the injection load (Tables 3 and 4, Figs. 3 and 5). Increas-
ing the fraction of 390 lm beads both in pastes and in putties had
the same effect (Fig. 4), while for the 156 lm beads, a non-
expected increase of the injectability was observed at moderate
bead fraction (Table 3). This is very surprising and presently not
understood.

In all cases, beyond a threshold value related to a certain
volume of beads within pastes and putties, the injectability
dropped abruptly (Fig. 4). It is assumed that, above this threshold,
the beads formed a percolating network which completely blocked
the motion of the plunger and prevented all further extrusion. The
threshold value was markedly lower for larger beads, even though
their bulk density was higher (Table 2). It is speculated that it is
related to the size ratio between the diameter of the syringe tip
and the bead size.

Different routes have been proposed in the past to overcome
the lack of injectability of mineral cement pastes [5,15,16]; two
of them were selected based on the literature and investigated
here. The first strategy was to increase the viscosity of the liquid
phase [5,16]: substituting the demineralized water by a hydrogel
(0.5% sodium hyaluronate solution) permitted to greatly improve
the injectability of the pastes (from 35 ± 5 to 80 ± 10% for 42 wt.%
of 390 lm beads, Fig. 4), as described in previous studies per-
formed on usual cement pastes [5,16]. One explanation proposed
in the past was that the sodium hyaluronate solution developed
a thin lubricating layer between beads, hence decreasing the fric-
tion forces existing between powder particles, beads and syringe
walls [5,29], and leading to lower injection forces. A different
explanation was proposed recently based on the results of Habib
et al. [36]. Indeed, since these authors observed that phase separa-
tion was continuous and started from the plunger side, they sug-
gested that an increase of liquid viscosity decreased the
propensity of the liquid to flow in between the solid particles to
phase separate [36].

The second strategy to improve paste injectability was to use a
broader bead size distribution, using a mixture of the smallest and
the biggest beads (156 lm and 390 lm). This resulted in a large
improvement of the injectability (Table 5), confirming what was
observed in other studies for microparticles in usual CPC pastes
[5,8,15]. The bimodal size distribution permitted the beads to be
better packed (Table 5): the interparticle voids were reduced and
the liquid migration hindered. It is also interesting to see that, con-
trarily to what was reported by Habib et al. when a small amount
of fine CaP powder was added to a b-TCP–water paste [6], the
injection load did not increase (Table 5).
4.3. Phase separation

Phase separation, also known as liquid migration, involves rela-
tive motions of liquids and solids within the syringe. It results in
different displacement speeds between the liquid phase (L) and
the solid phase (P + B) during injection processes. Thus, the deter-
mination of the L/(P + B) ratio of different portions of the pastes
showed that phase separation was observed for all tested composi-
tions, including the reference paste (0% beads) (Fig. 6). Considering
the L/(P + B) ratios of the initial paste and of the paste after extru-
sion (Table 6, Fig. 6), and despite all the attention paid to
minimize such experimental errors, there might have been an
experimental bias (liquid evaporation or loss before weighting)
which might be more pronounced for the paste remaining in the
syringe than for the other fractions of paste. However, given the sig-
nificant difference experienced between the L/(P + B) ratios of the
extruded paste and of the paste remaining in the syringe, it can
be concluded that all investigated pastes, without exception, were
prone to phase separation. This observation was in agreement with
another study devoted to the injection of b-TCP–water mixtures [6].

Interestingly, the addition of beads did not modify the overall
paste behavior. The extruded L/(P + B) ratio was constant during
the plunger displacement (from 0 to end, Fig. 6) and resulted in
the drying of the paste remaining in the syringe (Table 6). Since
the void space between solid particles (P + B) had to be filled with
liquid to enable paste flow [37], once the paste was water-depleted
and there was not enough liquid left, the injection stopped. At this
point, the remaining paste was not injectable at all, whatever the
applied load [6]. This would explain why the L/(P + B) ratio left in
the syringe (‘‘syr’’) was constant for a given amount of beads
(Table 6): the void volume which had to be filled with liquid for
the paste to flow, i.e. the volume of the syringe which was not
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occupied by the beads depended on their amount, and not on their
sizes.

Investigating more thoroughly the injection curves also enabled
us to gain insights into the phase separation mechanism. As dis-
cussed previously, these curves could be divided into three stages.
The second region began when the paste first exited the syringe
opening and stopped once the remaining paste was no longer
injectable: it was therefore characteristic of the injection behavior
of the paste. Especially, the slope of this part of the curve (i.e. the FP
rate) could be used as a measure of the extent of phase separation
between liquid and solid [10,13]: for example, including 42 wt.% of
390 lm bead within the paste, resulted in a strong phase separa-
tion since the extruded L/(P + B) ratio was more than 1.5 times
the initial one (Table 6). This was correlated to a high FP rate of
5 ± 1 N mm–1 (Table 3).

Such a high FP rate was not observed with smaller beads: the
amount of introduced beads played a significant role in phase sep-
aration only for the largest beads; this could indicate that in the
investigated conditions, 390 lm (less than five times smaller than
the diameter of the syringe opening) was close to the maximum
size allowing injection. Thus, the introduction of such large beads
in both pastes and putties highlighted phenomena which were
not observed for smaller bead sizes.

When the pressure required to filter the liquid through the
particles was lower than the extrusion pressure of the paste, fil-
ter-pressing occurred [28,31,37]. In other words, improving the
packing of the particles or increasing the liquid phase viscosity
both permitted the decrease in liquid migration. As demonstrated
by the increase of the bulk densities (Table 5), the beads were bet-
ter packed when blending 156 lm beads with 390 lm beads in-
stead of using only beads of one size. This resulted, for pastes
containing 1/3 of 156 lm beads and 2/3 of 390 lm beads, in an ex-
truded L/(P + B) ratio equal to the L/(P + B) ratio of the initial paste.
Once again, the drastic reduction of the FP rates (Tables 4 and 5)
correlated very well with the decrease of the filter-pressing
phenomenon.

4.4. Size separation

It has been shown that phase separation between liquid and so-
lid phases occurred in the pastes during the injection tests. Since it
is known that in multimodal suspensions, fine particles behave as a
fluid toward coarser particles, especially if the size ratio between
larger and smaller particles is 10 or more [32], the question arose
whether size separation occurred between coarser glass beads
(100–500 lm) and smaller b-TCP particles (1–10 lm) [33]. To
investigate this point, the evolution of the b-TCP powder-to-beads
ratio (P/B, w/w) was plotted with respect to plunger displacement
(Figs. 7 and 8).

The extruded P/B ratio was low during the first millimeters and
increased along with the displacement of the plunger, showing
that beads were extruded preferentially when compared to b-TCP
powder. This result was quite surprising since the opposite was ex-
pected [32]. This might arise from the formation of a dense cake of
powder particles at the rear of the syringe, behind the beads. Thus,
all along the plunger displacement, the filter cake would progress
and push the beads forward. This is shown by the significant in-
crease of the P/B ratio throughout the injection process (Figs. 7
and 8). Interestingly, the overall behavior of the paste was not
changed when water was replaced by a hydrogel (Fig. 8). In fact,
there was size separation not only between powder and beads
but also within beads, as shown by the evolution of the bead size
distribution during injection (Fig. 9).

Only in the pastes containing 42 wt.% of 390 lm beads and pre-
pared with water as a liquid phase, the extruded P/B ratio was
higher than that of the initial paste (Fig. 8). But in this case, the
paste was poorly injectable (only 35 ± 5 wt.% was extruded) and
the injection process stopped very rapidly, before size separation
occurred (Table 4, Fig. 3a). In other words, it is speculated that size
separation occurs more slowly than phase separation.

To our knowledge, this is the first study where size separation
of the components of a mineral paste has been demonstrated dur-
ing injection tests. Habib et al. [33] first raised this question but
could not show any significant variation of the size (D10, D50 and
D90) of the solid phase particles during the injection process. They
concluded that, in their case, there was no occurrence of size sep-
aration. However, their pastes were composed of a mixture of
water and b-TCP powder with a size in the micrometer range. Also,
the particle size distribution was fairly narrow.
5. Conclusions

The present results showed that the injectability of pastes and
putties loaded with millimeter-sized glass beads decreased with
increasing size and amount of beads. This was directly related to
the phase separation between liquid, which was extruded prefer-
entially, and the solid phase. This filter-pressing phenomenon
was highlighted thanks to the monitoring of the composition of
the extruded paste. It was also shown that a high filter-pressing
rate (slope of the injection curve in the intermediate range) corre-
lated very well with the occurrence of liquid migration and that it
could be used as an indicative parameter. For example, for 42 wt.%
of 390 lm beads inside the paste, the FP rate rose to 5 N mm–1 and
the ratio of liquid to solid phase in the extruded paste was nearly
three times as high as in the paste remaining in the syringe. When
the volume occupied by the beads was increased above a threshold
value, the injection process was prematurely stopped: the injecta-
bility of pastes and putties sank abruptly. This threshold value de-
creased with increasing bead diameter: it was below 42 wt.% of
beads within the pastes when 390 lm beads were used and above
45 wt.% with 156 lm beads. This threshold value also depended on
the liquid phase used to prepare the pastes. Indeed, using a hydro-
gel solution instead of demineralized water did not change the
overall paste behavior, but it increased the threshold value and in-
creased the amount of extruded paste.

This study also revealed that two separation mechanisms oc-
curred simultaneously during injection: not only the liquid but also
the beads moved faster than the b-TCP powder particles or, in
other words: injection mobility (L) > mobility (B) > mobility (P).
This led to the formation of a dense powder cake at the rear of
the syringe. The present results suggest that phase separation oc-
curs faster than size separation.

Interestingly, mechanisms and phenomena related to poor
injectability were shown to be similar in pastes with and without
hydrogel, and in putties. Therefore, their understanding is of inter-
est for the formulation of optimized injectable formulations. This is
especially true since it was shown that phase and size separations
were amplified by the use of milli-sized particles, which is a grow-
ing trend in the field of injectable biomaterials.
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