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Abstract The aim of this study was to increase under-
standing of the mechanism and dominant drivers influ-
encing phase separation during ram extrusion of calcium
phosphate (CaP) paste for orthopaedic applications. The
liquid content of extrudate was determined, and the flow of
liquid and powder phases within the syringe barrel during
extrusion were observed, subject to various extrusion
parameters. Increasing the initial liquid-to-powder mass
ratio, LPR, (0.4-0.45), plunger rate (5-20 mm/min), and
tapering the barrel exit (45°-90°) significantly reduced the
extent of phase separation. Phase separation values ranged
from (6.22 £+ 0.69 to 18.94 £ 0.69 %). However altering
needle geometry had no significant effect on phase sepa-
ration. From powder tracing and liquid content determi-
nation, static zones of powder and a non-uniform liquid
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distribution was observed within the barrel. Measurements
of extrudate and paste LPR within the barrel indicated that
extrudate LPR remained constant during extrusion, while
LPR of paste within the barrel decreased steadily. These
observations indicate the mechanism of phase separation
was located within the syringe barrel. Therefore phase
separation can be attributed to either; (1) the liquid being
forced downstream by an increase in pore pressure as a
result of powder consolidation due to the pressure exerted
by the plunger or (2) the liquid being drawn from paste
within the barrel, due to suction, driven by dilation of the
solids matrix at the barrel exit. Differentiating between
these two mechanisms is difficult; however results obtained
suggest that suction is the dominant phase separation
mechanism occurring during extrusion of CaP paste.
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Graphical Abstract

Mechanism of phase separation during extrusion of a calcium phosphate paste
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1 Introduction

Since the discovery of calcium phosphate cement (CPC) by
Brown and Chow in 1983 [1], it has seen clinical success in
many dental and orthopaedic applications [2-5]. This is due
to the potential for CPC based systems to mimic the natural
mineral phase of bone and consequently be resorbed and
replaced by host tissue [6, 7]. In addition, it has the ability to
be moulded into bone defects and implant sites, then harden
in situ to provide stability. However, in applications
requiring injection or extrusion of CPC, separation of the
powder (consisting of one or more compounds of calcium
and phosphate salts) and liquid phase (water or an aqueous
solution) is commonly observed. Phase separation results in
extrudate with a significantly higher liquid content than the
paste charged, or loaded, into the syringe [8]. A higher
liquid content leads to a reduction in the mechanical prop-
erties of the hardened cement [9, 10] and a decrease in the
viscosity of the unset CPC [11], increasing the risk of
extravasation and embolism due to particle leaching [12],
with potentially fatal consequences [13].

Currently ‘injectability’ is the most common method
used to infer the extent of phase separation during
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extrusion of CPC. Injectability is usually defined as the
ratio of mass of CPC able to be extruded until a maximum
extrusion force is reached (taken as 100 N [14] to 300 N
[15]) to the initial mass loaded into a syringe. Many studies
have investigated injectability and various improvement
methods have been established that include: (1) constituent
modification—liquid to powder ratio (LPR) [14, 16], par-
ticle size [17-19] and shape [20], incorporating various
additives [15, 21-24] and (2) altering external factors—
such as plunger rate [8] and applying ultrasonic vibration
[25]. Yet, it is widely accepted that at present no fully
injectable CPC exists that meets the clinical requirements
for minimally invasive surgical applications in the
treatment of bone disease or trauma [26]. This is due to
the fact that the application is highly constrained and
methods to improve injectability can be detrimental to
other crucial properties of the cement required for clin-
ical success, namely sufficient cohesiveness and
mechanical performance.

Optimisation of CPC injectability, within the constraints
of surgical applications, is currently inhibited by the dif-
ficulty in determining the benefits of one improvement
strategy versus another by cross-comparison of different
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studies. This is due to the lack of standard testing protocol;
i.e. the syringe geometry, extrusion rate and force, LPR,
particle size, and particle size distribution differ between
studies. Furthermore, as injectability does not consider
extrudate quality, improving injectability does not neces-
sarily increase clinical suitability. Bohner and Baroud [27]
highlighted this limitation, and proposed that injectability
should be defined as the capacity of the CPC to remain
homogeneous during the extrusion process. Consequently,
studies have investigated paste homogeneity during extru-
sion of a calcium phosphate (CaP) based paste by mea-
suring and comparing the LPR of extrudate and paste
remaining in the syringe post-extrusion [8, 19]. Although it
was confirmed phase separation was occurring, limiting
injectability, the exact mechanism by which phase sepa-
ration of CPC occurs is still unknown.

Phase separation is not specific to CPC systems and is
known to occur during extrusion of biphasic pastes in the
chemical, food, and pharmaceutical sectors. A number of
studies have used both experimental and theoretical
approaches [28-31], improving understanding of both
phase separation mechanisms and methods to reduce phase
separation. In short, the literature on phase separation
during extrusion proposes three mechanisms:

(i) filtration in the needle (or die land), where the
pressure exerted on the liquid phase causes it to
flow along the die land more quickly than the
solids, exacerbated with the formation of solid
mats (regions of high SVF) [32];

(i1)  filtration in the barrel, where the pressure exerted
by the plunger on the paste causes the liquid phase
to redistribute and the solids to undergo consol-
idation [33]; and

(iii) local suction at the barrel exit driven by the
dilation of the solids matrix as it flows into the
nozzle. If the solid volume fraction (SVF) of a
paste is sufficiently high, particles must separate
to enable flow, i.e. the powder must dilate. Liquid
is then drawn through the powder network to fill
voids created by the dilating powder [31, 34].

Although recent studies have increased understanding of
the occurrence of phase separation during extrusion of CaP
pastes [8, 19, 35], a detailed understanding of the mecha-
nism and dominant drivers is still lacking. Appreciation of
the dominant mechanism will increase knowledge of how
parameters influence the extent of phase separation, and
enable more efficient optimisation of injectable CaP
materials to fully satisfy clinical requirements.

The aim of this study was to further improve under-
standing of phase separation and determine the dominant
mechanism driving it; specifically, whether it is filtration in

the needle, filtration in the barrel, or local suction at the
barrel exit. More detailed insights, relative to previous
investigations, were discussed via determination of the
radial and vertical liquid distribution of paste located in the
syringe throughout extrusion; and detailed analysis of
extrusion parameters on paste flow and phase separation
characteristics relative to established extrusion and phase
separation mechanisms observed in other paste based
systems.

2 Materials and methods

These experiments were designed to ensure adequate
measurement of the extent of phase separation throughout
extrusion of a CaP paste, over various extrusion parame-
ters. Specific parameters investigated were: (1) injectabil-
ity, (2) extrusion force, and (3) liquid content of the
extrudate and paste located within the barrel throughout
extrusion. The flow of the powder and liquid components
within the barrel during and post-extrusion were examined
using powder tracing tests. These tests specifically
observed the displacement of powder (i.e. powder flow)
and were determined using paste produced from dyed CaP
powder of differing colours, which created a ‘striped
effect’” when loaded into the syringe. The flow of liquid was
estimated by determination of the radial and vertical liquid
distribution within the barrel during and post-extrusion.
Further information on the phase separation mechanism
was generated by altering the syringe geometry in the form
of the taper at the barrel exit.

2.1 Powder characterisation

The powder component was a commercial grade of B-tri-
calcium phosphate, B-TCP, Ca3(PO,), (Sigma-Aldrich,
UK). The particle size distribution of the B-TCP powder
was analysed by laser diffraction (LS 13 320 Beckman
Coulter, UK). The specific surface area (SSA) was deter-
mined by nitrogen adsorption according to the Brunnauer—
Emmet-Teller (BET) method (ASAP 2020 Micromeritics,
UK). The plastic limit (PL) was determine using a similar
method to Bohner and Baroud [27]. The LPR at which the
powder formed a ‘pasty block’ was determined by the
drop-wise addition of distilled water (dH,O) to 3 £ 0.1 g
of powder. The packing behaviour of the powder, maxi-
mum solid volume fraction (SVF,,,,) reached under com-
paction, was determined using a Rigden voidage device
according to EN 1097-4. Helium pycnometry was per-
formed to obtain the specific density of the B-TCP powder
(AccuPyc 1330 Micromeritics, UK), for use in the SVF
calculations.

@ Springer
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2.2 Paste preparation

To produce CaP paste, the powder and liquid (dH,O)
components were mixed manually, at initial LPR values of
0.4, 0425 and 0.45 g/g, using a bowl and spatula
arrangement for 45 s until a homogeneous paste resulted.
These initial LPRs were chosen to facilitate detailed
examination of the phase separation mechanism. Pastes of
B-TCP and dH»O have previously been selected as model
systems by several groups when investigating CPC [8, 18,
36], as they have similar properties to CPC. Moreover the
CaP paste has longer setting time [I18] and is less
expensive.

2.3 Extrusion of paste

Pastes were carefully loaded into a 10 mL Luer lock Mini-
Mix™ syringe (Summit Medical Ltd., UK). The dimensions of
the MiniMix™ syringe were as follows: diameter of barrel,
Dparel = 13.5 & 0.01 mm, diameter of exit, Dq =3 £
0.01 mm, angle of barrel exit, 0. = 90 4 0.1° and length of
nozzle Ly, = 12 £ 0.0l mm (Fig. 1). Using an EZ50
Universal Materials Testing Machine (Lloyd Instruments Ltd.,
UK), paste was extruded at a constant volumetric flow rate until
a maximum force (100 N) was reached. The force required to
extrude the paste was recorded using the NEXYGEN 4.1 soft-
ware (Lloyd Instruments Ltd., UK) and was presented
(e.g. Fig. 3) alongside the mean extrusion pressure, which
was calculated from extrusion pressure = 4 X extrusion
force/nDZ, -

Three plunger rates were investigated: 5, 10 and 20 mm/
min, corresponding to flow rates of 0.012-0.048 mL/s.
These flow rates were selected to: (1) ensure phase sepa-
ration occurred, (2) allow adequate time for accurate
extrudate sampling and (3) include flow rates representa-
tive of injection rates observed during vertebroplasty pro-
cedures [37]. To investigate the effect of needle geometry,
various needle lengths (Lyceqie = 35, 70 and 105 mm) and
diameters (Dpeeqie = 1.6, 1.8 and 2.16 mm) were used,
representative of diameters used in percutaneous verte-
broplasty procedures [38]. To investigate the effect of O,
conical inserts were manufactured in-house to fit in the

Plunger

Fig. 1 Syringe geometry and associated nomenclature (not to scale)
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syringe barrel, creating a conical taper from Dygpre; t0 Dexic;
values of 0. investigated were 90° (square ended, no
insert), 55 £ 0.1° and 45 £ 0.1°.

2.4 Extrusion analysis
2.4.1 Injectability

The mass of extrudate, M, ;uqqe and paste remaining in the
barrel, M., was determined post extrusion. Injectability
was defined as the percentage of M.,,;,4.e relative to the
sum of M..rudae and M, until a maximum load of 100 N
was achieved (Eq. 1) [27].

extrudate

Injectabil =
rectant ty(%) Mextrudale + Mplug

x 100 (1)

2.4.2 Phase separation and liquid migration

The extrudate exiting the syringe was collected as four
consecutive samples of approximately equal volume,
labelled (E1-E4), Fig. 2. The required sampling volume
was obtained by running a preliminary extrusion test,
determining the volume of extrudate post-extrusion, and
dividing by four. The paste remaining in the barrel post-
extrusion was divided into two equal parts (labelled B1 and
B2). Each sample was initially weighed and dried in an
oven at 100 °C until a constant weight was reached. Pre-
drying and post-drying weights were used to determine
LPR using a protocol similar to that reported by Habib
et al. [8]. The LPR of extrudate samples and of paste
remaining in the barrel was determined and the extent of
phase separation, defined as the percentage increase in LPR
of extrudate relative to initial LPR, calculated.

In order to determine the liquid distribution at the barrel
exit, the same process was conducted, however when B1
was removed, it was divided into two or three equal slices
depending on CaP paste quantity. The core region (diam-
eter 6 mm) was then removed from each slice, and the LPR
of each slice and the core was measured (Fig. 2). The
liquid distribution within B2 was not investigated as pre-
liminary results showed uniform LPR within this region.

Lbarrel
Lnozzle ] -
eexit/‘ ‘ IP gp
Dneedle s i

Barrel Nozzle Needle
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N1 I

Fig. 2 Schematic showing collection of samples of extrudate (E1-
E4), the paste remaining in the syringe barrel (Bl and B2) and
division of element B1 into rings (R1-R3) and cores (C1-C3) post
extrusion

2.4.3 Solids flow regime

To enable visualisation of the flow patterns for the solids, a
dyed powder was used. The B-TCP powder was dyed using
water-insoluble Pantone coloured ink (Esselte Ltd, UK),
added as one drop of ink per gram of powder. The powder
was manually mixed until a uniform colour was reached.
The dyed powders were dried in an oven held at
37.5 £ 0.1 °C for 12 £ 0.1 h and then stored in a desic-
cator until ready for use. The different coloured CaP pastes
were mixed individually with the same LPR and then
loaded into the syringe in sequence to create a striped
pattern. Following extrusion, the paste remaining in the
syringe was carefully removed and sliced along a diamet-
rical plane direction, using a blade and a purpose made
holder. This revealed the flow pattern at the nozzle in the
longitudinal direction.

2.5 Statistical analysis

Each test was repeated a minimum of three and up to a
maximum of six times. Where feasible, results were

analysed for statistical significance. For injectability results,
one-way or two-way analysis of variance (ANOVA) was
conducted, following confirmation of normality of data and
homogeneity of variance. If significant, a Tukey’s Test was
then used to conduct a comparison of means. Where data
from two independent samples were required to be tested for
statistical significance a two-tailed ¢ test was used. For all
other dependents, regression analysis was used. A proba-
bility value of P < 0.05 was considered significant. All
statistical analysis was performed using SPSS Statistics 20.0
(IBM Corporation, USA).

3 Results
3.1 Powder characterisation

The B-TCP powder had a median particle size (Dsg) of
2.3 um and polydispersity (dspan) Of 3.9 £ 0.8. The SSA
obtained was 2.10 & 0.05 m*/g (Table 1). Using the specific
density value obtained (3.047 £ 0.001 g/cm3) SVFRigden
was calculated as 0.535 £ 0.014. The PL was observed at an
LPR of 0.356 + 0.007 (SVF = 0.480 £ 0.005).

3.2 Plunger rate and initial LPR

The extrusion pressure showed an initial steady pressure, or
slight elevation, that increased rapidly nearing the end of
extrusion (Fig. 3). Present in the extrusion profile for an
empty syringe (Fig. 3c), was a steady decrease in extrusion
pressure, indicating that the barrel diameter changed stea-
dily along its length, i.e. it has a slight taper. The contri-
bution of the paste extrusion to the pressure was estimated
from the difference between the filled and empty profiles,
examples are presented as an inset in Fig. 3a—c.
Increasing initial LPR and plunger rate significantly
increased injectability of these CaP pastes (P < 0.001),
Fig. 4a. The average LPR of the extrudate was consistently
higher than that of the initial paste, Fig. 4b. Extrudate LPR
was reduced by a decrease in initial LPR and an increase in
plunger rate (P < 0.001 and P < 0.001, respectively,
R? = 0.852). The LPR of paste recovered from the barrel
(labelled ‘plug’) was considerably lower than the initial
LPR. No significant effect with regards to plunger rate on

Table 1 Particle size

- - . 2 . . 3
distribution parameters, surface Particle size (microns) SSA (m“/g)  Specific density (g/cm”)  PL (LPR)  SVF .«
area and packing ability dio dso  dop  dypan
estimates
Mean 0.5 2.3 9.6 3.9 2.10 3.047 0.356 0.535
SD 0.2 0.0 22 0.8 0.05 0.001 0.007 0.014

Particle size values presented to 1 decimal place due to resolution of analyser (analysis range

0.017-2000 pm)

@ Springer
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Fig. 3 Effect of plunger rate on extrusion force-plunger displacement
profiles for pastes with initial LPR of: a 0.4, b 0.425 and ¢ 0.45. Zy,re1
is the distance of the plunger from the barrel exit. Square entry
(0 = 90°). Dotted line in ¢ represents force required to displace
plunger without paste in the barrel, i.e. the force required to overcome
plunger friction. Inset shape of the extrusion profiles with plunger
friction removed

plug LPR was noted, however a significant effect was
observed for initial LPR on plug LPR (P = 0.789,
P < 0.001, respectively R* = 0.391).

The local LPR values (Fig. 5) show that the extrudate
composition was relatively constant, although the initial
sample (E1) had a slightly higher liquid content. All
extrudate samples had a higher LPR than the initial paste,
this varied slightly with initial LPR (Fig. 5a) and plunger

@ Springer
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Fig. 4 Effect of plunger rate on: a injectability and extent of phase
separation, and b LPR of extrudate and paste remaining in barrel
(plug) following extrusion of 6 mL of paste at various initial LPR and
plunger rates. Square entry (Ocxic = 90°). Error bars represent SD

velocity (Fig. 5b). The paste remaining in the barrel post-
extrusion was drier at the plunger side than the paste at the
barrel exit, the LPR of paste at the barrel exit being
7.00 = 1.98 % higher than the paste at the plunger side
(Fig. 5a, b).

3.3 Geometry of delivery device

Needle diameter and length had no significant effect on
injectability (P = 0.628 , P = 0.920), on extrudate LPR
(P = 0.106, P = 0.527, R? = 0.229), or the LPR of the
plug (P = 0.097, P = 0.167, R* = 0.318), Table 2. How-
ever, compared to extrusion without a needle, addition of a
needle slightly improved injectability (4.8 % increase,
P =0.002) but had no significant effect on LPR of
extrudate (P = 0.326) or plug (P = 0.690). Additionally,
needle geometry did not appear to influence extrusion
pressure, Fig. 6a.

Tapered nozzle entries of 55° and 45° significantly
improved injectability (P = 0.002 and 0.001, respectively)
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Fig. 5 LPR distribution for consecutively extruded samples (E1-E4)
and the paste remaining in the barrel (B1 exit side; B2 plunger side,
see Fig. 2) for a different initial LPR values, plunger rate 10 mm/min;
b different plunger rates, initial LPR of 0.425. Square entry (Oex;
= 90°). Error bars represent the standard deviation

over the square ended die, but no significant difference was
observed between injectability for the two taper angles tested,
P = 0.968 (Table 3). The mean extrudate LPR decreased as
the taper angle decreased (P < 0.001, R* = 0.699) but phase
separation was still observed: the LPR of the paste remaining
in the barrel was considerably lower than the initial LPR. The
extrusion force profiles of the tapered nozzle entries are
similar in shape to the square entry die, i.e. an initial steady
force followed by an abrupt increase (Fig 6b).

There was no significant difference between the LPR
values of the paste remaining in the barrel for the various
O.xi¢ values investigated (P = 0.915, R? = 0.001). In fact,

100
= g0 No needle
K] — — 12G,35mm
5 60
w— - == 12G, 70 mm
c
2 40 ceeeses 126, 105 mm
3
= 13 G, 70 mm
S 20
14 G, 70 mm
0
100 (b) Barrel Taper
Z 80
)]
5 60 90°
b= 550
= —_—
2 40 450
3 I\W/\w.«
E o ~
u><_| 20 /
0 !
0 10 20 30

Plunger displacement (mm)

Fig. 6 Effect of a needle geometry and b barrel taper on extrusion
force-plunger displacement profiles for pastes with initial LPR of
0.425

the LPR of paste remaining in the barrel post-extrusion
remained similar throughout the study (0.364 £ 0.007).
This indicates that 0.364 is the minimum LPR, or LPR,;,
(SVF = 0.474), that can be achieved under 100 N (pres-
sure of 0.7 MPa) with the syringe geometry used in this
study.

3.4 Flow regime of liquid and powder components
during extrusion

Liquid content distributions in Fig. 7a show that, during
extrusion, the LPR of paste in the barrel decreased, except for
the material in the paste core regions (C1 and C2). The LPR
in the latter remained similar to that of the extrudate. The

Table 2 Effect of needle dimensions on extrusion of CaP paste (6 mL)

Needle diameter (mm)/gauge (G)

2.16/12 1.80/13 1.60/14
Needle length (mm)
35 70 105 70

Injectability (%) (mean £ SD)
LPR of extrudate (mean £ SD)
LPR of barrel (mean 4+ SD)

54.871 £+ 3.628
0.471 £ 0.005
0.363 £ 0.005

54.528 £ 0.899
0.474 £+ 0.005
0.367 & 0.001

54.056 + 1.943
0.475 £ 0.013
0.367 & 0.002

56.208 £ 1.690
0.486 £+ 0.012
0.369 & 0.005

56.267 £+ 3.058
0.482 £ 0.007
0.370 & 0.006

Initial LPR = 0.425; plunger rate 10 mm/min; Dyye; = 13.5 mm, Deyje = 2.3 mm

@ Springer
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Table 3 Influence of nozzle entry geometry on injectability and liquid content of extrudate and paste remaining in the barrel

Angle of taper (°) 90 55 45

L 7 0

i

Injectability (%) (mean + SD) 50.454 £ 3.890 62.841 + 3.056 63.567 + 1.985
LPR of extrudate (mean = SD) 0.482 £+ 0.010 0.449 £ 0.025 0.434 £+ 0.012
LPR in the barrel (mean £ SD) 0.366 £ 0.005 0.361 £ 0.011 0.368 &= 0.017

Initial LPR = 0.425; plunger rate 10 mm/min

i i ii iv
(@) () 0.350% <0375
0.375% <0400
A 0.4005% <0.425
04255 <0.450
»
A 0450
g %
s 5 N
b 2 A c
- 9 2
3
] 3
8
: -
(b)
; A
N 2
3 Fy 8
3
| 3
3 B g
3 -
3
v L 4 v v
Plunger displacement
0mm 7 mm 14 mm End, F = 100N

Fig. 7 Distribution of paste liquid content (series a) and powder Series a legend shows LPR colour coding. Series b (0 mm) shows
history (series b) for extrusion of paste with initial LPR of 0.425 paste initially loaded in bands of different colours (Color
through a square entry die (0c;; = 90°) at plunger rate of 10 mm/min. figure online)
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Fig. 8 Distribution of paste i
liquid content (series a) and

powder history (series b) post-

extrusion of CaP pastes with

initial LPR of 0.4, 0.425 and

0.45 through a square entry die

(Bexit = 90°) at plunger rate of (a)
10 mm/min. Series a legend

shows LPR colour coding

(Color figure online)

(b)

~

Fig. 9 Cross-section of powder distribution following extrusion of
paste with initial LPR = 0.425 through tapered barrel exit,
Oexit = 45°, at a plunger rate of 10 mm/min

same trends were observed for all initial LPRs investigated
(Fig. 8a): the material in the core region had a higher liquid
content while the LPR in the adjoining regions (R1-R3) were
close to the rest of the paste remaining in the barrel (B2). The
dyed paste studies (Figs. 7b, 8b) showed that the initially
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striped layers changed shape on approach to the nozzle entry.
Zones of stagnant material were generated at the corners with
the square-ended geometry for all LPR values. These stag-
nant zones are also regions of lower liquid content (R1-R3)
and require high extrusion forces to deform and flow.

In contrast, the cross-section of powder distribution fol-
lowing extrusion of paste with initial LPR = 0.425 through a
tapered barrel exit, 0.,;, = 45°, at a plunger rate of 10 mm/
min showed no evidence of a static zone (Fig. 9).

4 Discussion

In the present study the liquid content of extrudate, liquid
distribution and flow of powder within the syringe barrel
were measured throughout extrusion to better understand
the mechanism and drivers of phase separation. Measure-
ments made over several extrusion parameters and paste
compositions enabled the characteristics of phase separa-
tion during extrusion of CaP pastes to be compared to
established phase separation mechanisms observed during
the extrusion of other biphasic pastes. The main trends
observed and relationships between the measured param-
eters and phase separation are first discussed. Following
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this, the relationship between the findings and the three
phase separation mechanisms discussed earlier (filtration in
the needle, filtration in the barrel, and local suction at the
barrel exit) are used to propose a dominant phase separa-
tion mechanism for non-reactive CaP pastes.

4.1 Initial LPR and plunger rate

Increasing LPR was found to increase injectability
(Figs. 3, 4), in agreement with previous studies [14, 16].
However, this was somewhat of an artificial increase.
Higher initial LPR, resulted in a larger quantity of liquid
to be redistributed until LPR,;, was reached; this high-
lights the limitation of injectability as a measure of
extrusion efficacy. Increasing plunger rate reduced phase
separation. Plunger rate has been seen to be a significant
influencing factor in phase separation of CaP [8] and
other pastes [39, 40]. The increase can be attributed to
less time available for the liquid to migrate or redis-
tribute due to a reduction in residence time of the paste
within the barrel [28]. This results in lower extrudate
LPR at higher plunger rates. Therefore, increasing
plunger rate decreases liquid supply to the extrudate from
the paste in the barrel, resulting in a larger quantity of
paste able to be extruded until LPR,,;, was reached and
extrusion ceased (Fig. 3).

Both LPR and plunger rate were observed to have an
effect on quantity and quality of extrudate. Interestingly,
although there was variation in final plunger displace-
ment, the extrusion profiles, were very similar in shape,
initially exhibiting a slight gradient (Fig. 3a, b) or pla-
teau (Fig. 3c) followed by an abrupt rise. Comparable
extrusion profiles were observed in other CaP pastes
extrusion studies [18, 19, 41]. It has been postulated that
in the period before the abrupt increase in force, no
phase separation takes place [41]. However, in this study
it was evident that phase separation occurred throughout
the extrusion process, as the extrudate LPR remained
relatively constant (Fig. 5).

The initial extrusion force was relatively consistent at
25 N (0.2 MPa) for all pastes and does not show a
systematic dependency on paste composition or plunger
rate. Inspection of the empty test profiles suggests that
the plunger seal friction provides the major contribution
to the initial force. Therefore, as the initial force required
to overcome plunger friction appears to be larger than
the force required to initiate paste extrusion, the variation
associated with the initial extrusion force will be domi-
nated by variation in plunger friction. As a result,
information regarding the initial extrusion force of the
paste, and the investigated variables’ effect on it, is
likely to be lost, highlighting a limitation of this study.

@ Springer

4.2 Geometry of delivery device

The geometry of the device investigated in this study can
be divided into two categories: (1) pre- and (2) post-barrel
exit. Altering the angle of the barrel exit, affecting flow
pre-barrel exit, significantly reduced extent of phase sep-
aration and increased injectability. The needle gauge or
length, which determines the paste flow after it exits the
barrel, had no significant effect on the extrudate quantity or
quality (Table 2). It was found that needle addition slightly
improved injectability (0.48 %) but did not significantly
alter phase separation compared to extrusion with a syringe
alone (90° in Table 3). In a study by Habib et al. [8], it was
observed that addition of a needle slightly decreased
injectability (2.5 %), whereas Montufar et al. [17] reported
no significant difference between the extrusion of non-re-
active CaP pastes with or without a needle. However,
Montufar et al. did find needle geometry had an effect on
the injectability of CPC. Burguera et al. [16] and Fatimi
et al. [42] also found needle geometry had a significant
effect on the extrusion of CPC, however both studies used a
more viscous liquid phase (hydroxypropyl methylcellulose-
water solution) and no phase separation was exhibited.

In these experiments, the insensitivity of the extrusion
pressure (Fig. 6a), injectability and phase separation
(Table 2) to needle geometry indicate that the contribution
of the needle geometry to phase separation was negligible.
The use of a tapered barrel exit improved injectability
noticeably (Table 3). This is a significant finding, as this
improvement method does not require altering composition
of CPC. It has been suggested that tapered barrels will
reduce extrusion pressure [43, 44], which in part could
explain the reduction of phase separation when an acute
O.xic Was used. However, due to the similarities of the
pressure displacement profiles, this appears not to be a
contributing factor in this study (Fig. 6b). The improve-
ment has been attributed to manipulation of the flow pat-
tern of the paste at the barrel exit reducing static zone
formation.

4.3 Flow regime of liquid and powder parts
within syringe barrel during extrusion

Static zones, located at the corners of the square ended
dies, and an inhomogeneous liquid distribution were evi-
dent from powder tracing and liquid distribution tests. A
non-uniform liquid distribution was evident in Fig. 5, with
the paste at the barrel exit being higher in water content
than the paste located at the plunger side. A similar trend
was observed by Habib et al. [8]. However this study has
gone further to determine the radial distribution of the
liquid, throughout the extrusion process. It was found
during extrusion that paste located at the barrel wall and
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plunger side steadily dewatered throughout extrusion,
increasing yield strength. The liquid migrated towards the
core of the syringe. This inhomogeneous liquid distribution
had a significant effect on the extrusion process. The lower
liquid content in regions R1 and R2 (Fig. 7) was associated
with formation of static zones. As the powder matrix within
this zone was stationary the paste readily released excess
liquid, increasing in yield stress, and also contributing to a
higher LPR extrudate. Static zones have been observed in
the extrusion of several pastes, indicating wall friction and
yield stress behaviour within the paste system [28, 45, 46].
The shape of these zones are dependent on the competition
between the yield stress of the material and the friction
condition at the zone’s boundary [46]. In this study, size of
the static zones increased as extrusion (and phase separa-
tion) continued, evident in the powder tracing results
(Fig. 7b). Within and above these zones, the paste steadily
dewatered growing stiffer. The paste at the core, Cl,
maintained a relatively constant LPR throughout extrusion,
Figs. 7 and 8. Therefore it appeared paste adjacent to the
lateral wall of the barrel resisted the pressure exerted by the
plunger, irrespective of the LPR in the core, until the
maximum plunger force was reached.

Similar trends were observed for all parameter combi-
nations investigated; i.e. static zones and similar LPR
distributions (Fig. 8a, b). No static zones were evident
when tapered barrel exits were used. The absence of static
zones (Fig. 9) with tapered exits means that powder was
not lost to the formation of these features, as observed in
extrusion with square ended dies—therefore injectability
increased.

4.4 Mechanism of phase separation

In these experiments, the insensitivity of the extrusion
force and phase separation to needle geometry indicates
that mechanism (i), filtration along the needle, was not
active in these cases, (Fig. 4). If mechanism (i) was active
the addition of a needle would be expected to increase
phase separation and alter the pressure profile. It is
apparent phase separation occurred within the barrel and
the liquid flowed toward the barrel exit at a faster rate than
the powder. This caused the paste within the barrel to
become stiffer, increasing extrusion pressure. The flow rate
of liquid will be dependent on the pore pressure (pressure
exerted on the liquid) and permeability of the powder
matrix.

What is not clear is if (1) the liquid was forced down-
stream by an increase in pore pressure as a result of powder
consolidation due to the pressure exerted by the plunger
(mechanism (ii)) or (2) the liquid was drawn from paste
upstream, towards the exit due to local suction, driven by
dilation of the solids matrix at the barrel exit (mechanism

(iii)). It may be the case that both mechanisms contribute to
phase separation.

In this study, the extrudate LPR remained relatively
constant throughout extrusion for all parameters tested. The
reasons behind the constant extrudate LPR and the influ-
ence the imposed conditions had on the extrudate LPR
reached is not fully understood, but the results suggest that
a critical SVF needs to be reached before the paste exits the
barrel. Variations in extrudate LPR was evident when
altering plunger rate and initial LPR. The differences in
liquid content may be attributed to a longer residence time
(for lower plunger rate) or higher powder permeability (for
higher LPR). It does appear the critical SVF remains
constant throughout extrusion (Fig. 5) regardless of pres-
sure imposed on the bulk paste (Fig. 3). This indicates that
phase separation due to filtration (mechanism (ii)) may not
be the dominant mechanism, as variation in pressure would
be expected to alter phase separation. Indeed, as the critical
SVF is lower than the SVF of paste within the barrel, the
particles must move apart to flow through the exit. This
dilation would increase the voidage, reducing pore pressure
in the exit region relative to the pore pressure upstream in
the barrel. Therefore, liquid upstream would be drawn into
fill the voids, indicating occurrence of mechanism (iii).
Measurements of local (liquid) pore pressure would help to
confirm which mechanism is dominant; however, these are
difficult measurements to undertake at the scales observed
in this study. Alternatively, mechanism (iii) has been
modelled quantitatively by Patel [47] simulating the paste
deformation using soil mechanics approaches, a similar
approach is being considered going forward to establish the
exact mechanism. Of course, both mechanisms (ii) and (iii)
result in the paste within the barrel dewatering, until
LPR,,, is reached.

The apparent critical SVF required to flow, in parallel
with the small variance in LPR,,, throughout this
investigation, highlights the importance of the packing
fraction of CaP pastes. The packing fraction is a measure
of how readily the powder packs to achieve the lowest
voidage (highest SVF). Indeed, importance of SVF,,.x and
SVF on the flowability of paste is well established [48].
At the same LPR, a powder with a high SVF,, will
produce a paste that flows more readily than a powder
with a low SVF,,,,, due to a lower water demand. Bohner
and Baroud [27], observed a relationship between
injectability and the PL (related to SVF,,,,). It was found
the greater the difference between initial LPR and PL the
greater the injectability. The SVF,,,.x and PL are presented
in Table 1.

Further work is required to determine the influence of
packing ability on the flow properties of CaP pastes and
cements, and indeed, the impact permeability and flow
properties have on the phase separation mechanism. This
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will involve investigating whether characterisation and
measuring methods used for cements and other biphasic
pastes can be used with CaP pastes/cements. Knowledge
and control of these properties will aid the design of
injectable CaP pastes and CPC based systems that fully
meet the clinical requirements of minimally invasive
surgical application for bone augmentation.

5 Conclusions

Phase separation was independent of needle geometry,
excluding filtration in the needle as the dominant phase
separation mechanism. Extrudate LPR remained constant
throughout extrusion, but extrusion pressure did not; indi-
cating pressure exerted by the plunger was not a deter-
mining factor of phase separation. These results are
contrary to those expected for filtration within the syringe
barrel, suggesting that local suction at the barrel exit is
likely to be the dominant phase separation mechanism.
Strategies to more definitively confirm this postulation
include developing: (i) methods to monitor local pressure
gradients before and after the barrel exit and (ii) compu-
tational models to analyse the biphasic mechanics of the
system.

Formation of static zones during extrusion of CaP
pastes was observed during extrusion with square ended
dies. Tapering the barrel exit inhibited the formation of
these features. As powder was not lost to the formation
of static zones, when using tapered barrel exits, phase
separation reduced, increasing injectability, revealing the
use of tapered barrel exits as a successful improvement
method.

This study has further highlighted that ‘injectability’
alone is an ineffective measure of extrusion for minimally
invasive surgical applications. It was also highlighted
powder packing ability and its impact on flow properties of
CaP pastes require further attention to aid the design of
injectable CaP pastes and CPC based systems that fully
meet the clinical requirements of minimally invasive sur-
gical application for bone augmentation.

Acknowledgments The authors acknowledge funding support from
the Department of Employment and Learning Northern Ireland
DELNI and the Structured PhD Programme in Biomedical Engi-
neering and Regenerative Medicine (BMERM), funded under the
Programme for Research in Third-Level Institutions (PRTLI) Cycle 5
and co-funded under the European Regional Development Fund
(ERDF). Authors also acknowledge the Spanish Government for
financial support through Project MAT2012-38438-C03-01, co-fun-
ded by the EU through European Regional Development Funds.
Support for the research of MPG was received through the prize
“ICREA Academia” for excellence in research, funded by the Gen-
eralitat de Catalunya. Authors thank Y. Maazouz for fruitful
discussions.

@ Springer

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creative
commons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

1. Brown WE, Chow LC. A new calcium phosphate setting cement.
J Dent Res. 1983;62:672.

2. Yoshimine Y, Maeda K. Histologic evaluation of tetracalcium
phosphate-based cement as a direct pulp-capping agent. Oral
Surg Oral Med Oral Pathol Oral Radiol Endodontol.
1995;79:351-8.

3. Yin X, Li J, Xu J, Huang Z, Rong K, Fan C. Clinical assessment
of calcium phosphate cement to treat tibial plateau fractures.
J Biomater Appl. 2013;28:199-206.

4. Ishiguro S, Tsujii M, Sudo A. Successful bone union following
calcium phosphate cement-assisted percutaneous transpedicular
balloon kyphoplasty of a large interbody cleft on long-term
hemodialysis patient. Asian Spine J. 2011;5:188.

5. Keating JF, Hajducka CL, Harper J. Minimal internal fixation and
calcium-phosphate cement in the treatment of fractures of the
tibial plateau. A pilot study. J Bone Joint Surg Br. 2003;85-
B:68-73.

6. Knaack D, Goad ME, Aiolova M, Rey C, Tofighi A, Chakra-
varthy P, et al. Resorbable calcium phosphate bone substitute.
J Biomed Mater Res. 1998;43:399-4009.

7. Apelt D, Theiss F, El-Warrak AO, Zlinszky K, Bettschart-
Wolfisberger R, Bohner M, et al. In vivo behavior of three dif-
ferent injectable hydraulic calcium phosphate cements. Bioma-
terials. 2004;25:1439-51.

8. Habib M, Baroud G, Gitzhofer F, Bohner M. Mechanisms
underlying the limited injectability of hydraulic calcium phos-
phate paste. Acta Biomater. 2008;4:1465-71.

9. Shahrouzi J, Hesaraki S, Zamanian A. The effect of paste con-
centration on mechanical and setting properties of calcium
phosphate bone cements. Adv Chem Eng Res. 2012;1:1-7.

10. Weir MD, Xu HHK. High-strength, in situ-setting calcium
phosphate composite with protein release. J] Biomed Mater Res A.
2008;85:388-96.

11. Baroud G, Cayer E, Bohner M. Rheological characterization of
concentrated aqueous beta-tricalcium phosphate suspensions: the
effect of liquid-to-powder ratio, milling time, and additives. Acta
Biomater. 2005;1:357-63.

12. Krebs J, Aebli N, Goss BG, Sugiyama S, Bardyn T, Boecken I,
et al. Cardiovascular changes after pulmonary embolism from
injecting calcium phosphate cement. J Biomed Mater Res B Appl
Biomater. 2007;82:526-32.

13. Bernards C, Chapman J, Mirza S. Lethality of embolized Norian
bone cement varies with the time between mixing and
embolization. San Francisco, USA; 2004, p. 254.

14. Khairoun I, Boltong MG, Driessens FCM, Planell JA. Some
factors controlling the injectability of calcium phosphate bone
cements. ] Mater Sci Mater Med. 1998;9:425-8.

15. Gbureck U, Barralet JE, Spatz K, Grover LM, Thull R. Ionic
modification of calcium phosphate cement viscosity. Part I:
hypodermic injection and strength improvement of apatite
cement. Biomaterials. 2004;25:2187-95.

16. Burguera EF, Xu HHK, Sun L. Injectable calcium phosphate
cement: effects of powder-to-liquid ratio and needle size.
J Biomed Mater Res B Appl Biomater. 2008;84:493-502.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

J Mater Sci: Mater Med (2016) 27:29

Page 13 of 13 29

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Jack V, Buchanan FJ, Dunne NIJ. Particle attrition of alpha-tri-
calcium phosphate: effect on mechanical, handling, and
injectability properties of calcium phosphate cements. Proc Inst
Mech Eng [H]. 2008;222:19-28.

Montufar EB, Maazouz Y, Ginebra MP. Relevance of the setting
reaction to the injectability of tricalcium phosphate pastes. Acta
Biomater. 2013;9:6188-98.

Tadier S, Galea L, Charbonnier B, Baroud G, Bohner M. Phase
and size separations occurring during the injection of model
pastes composed of B-tricalcium phosphate powder, glass beads
and aqueous solutions. Acta Biomater. 2014;10:2259-68.
Ishikawa K. Effects of spherical tetracalcium phosphate on
injectability and basic properties of apatitic cement. Key Eng
Mater. 2003;240-242:369-72.

Barralet JE, Grover LM, Gbureck U. Ionic modification of cal-
cium phosphate cement viscosity. Part II: hypodermic injection
and strength improvement of brushite cement. Biomaterials.
2004;25:2197-203.

Ginebra MP, Rilliard A, Fernandez E, Elvira C, San Roman J,
Planell JA. Mechanical and rheological improvement of a cal-
cium phosphate cement by the addition of a polymeric drug.
J Biomed Mater Res. 2001;57:113-8.

Sarda S, Fernandez E, Llorens J, Martinez S, Nilsson M, Planell
JA. Rheological properties of an apatitic bone cement during
initial setting. J Mater Sci Mater Med. 2001;12:905-9.

Leroux L, Hatim Z, Fréeche M, Lacout JL. Effects of various
adjuvants (lactic acid, glycerol, and chitosan) on the injectability
of a calcium phosphate cement. Bone. 1999;25:31S-4S.

Habib M, Baroud G, Galea L, Bohner M. Evaluation of the
ultrasonication process for injectability of hydraulic calcium
phosphate pastes. Acta Biomater. 2012;8:1164-8.

Zhang J, Liu W, Schnitzler V, Tancret F, Bouler J-M. Calcium
phosphate cements for bone substitution: chemistry, handling and
mechanical properties. Acta Biomater. 2014;10:1035-49.
Bohner M, Baroud G. Injectability of calcium phosphate pastes.
Biomaterials. 2005;26:1553-63.

Bayfield M, Haggett JA, Williamson MJ, Wilson DI, Zargar A.
Liquid phase migration in the extrusion of icing sugar pastes.
Food Bioprod Process. 1998;76:39-46.

Rough SL, Wilson DI, Bridgwater J. A model describing liquid
phase migration within an extruding microcrystalline cellulose
paste. Chem Eng Res Des. 2002;80:701-14.

Khelifi H, Perrot A, Lecompte T, Rangeard D, Ausias G. Pre-
diction of extrusion load and liquid phase filtration during ram
extrusion of high solid volume fraction pastes. Powder Technol.
2013;249:258-68.

Patel MJ, Blackburn S, Wilson DI. Modelling of paste flows
subject to liquid phase migration. Int J Numer Methods Eng.
2007;72:1157-80.

Yaras P, Kalyon PDM, Yilmazer U. Flow instabilities in capillary
flow of concentrated suspensions. Rheol Acta. 1994;33:48-59.
Martin PJ, Wilson DI, Bonnett PE. Paste extrusion through non-
axisymmetric geometries: insights gained by application of a liquid
phase drainage criterion. Powder Technol. 2006;168:64—-73.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Zhang M, Rough SL, Ward R, Seiler C, Wilson DI. A comparison
of ram extrusion by single-holed and multi-holed dies for
extrusion—spheronisation of microcrystalline-based pastes. Int J
Pharm. 2011;416:210-22.

Torres PMC, Gouveia S, Olhero S, Kaushal A, Ferreira JMF.
Injectability of calcium phosphate pastes: effects of particle size
and state of aggregation of B-tricalcium phosphate powders. Acta
Biomater. Available from: http://www.sciencedirect.com/science/
article/pii/S1742706115001683. Accessed 18 Apr 2015.

Habib M, Baroud G, Gitzhofer F, Bohner M. Mechanisms
underlying the limited injectability of hydraulic calcium phos-
phate paste. Part II: particle separation study. Acta Biomater.
2010;6:250-6.

Krebs J, Ferguson SJ, Bohner M, Baroud G, Steffen T, Heini PF.
Clinical measurements of cement injection pressure during ver-
tebroplasty. Spine. 2005;30:E118-22.

Ortiz AOM. Vertebral body reconstruction: Review and update
on vertebroplasty and kyphoplasty. Appl Radiol. 2008. Available
from: http://www.highbeam.com/doc/1P3-1616152621.html.
Accessed 5 Dec 2014.

Ferstl H, Barbist R, Rough SL, Wilson DI. Influence of visco-
elastic binder properties on ram extrusion of a hardmetal paste.
J Mater Sci. 2012;47:6835-48.

Liu H, Liu J, Leu MC, Landers R, Huang T. Factors influencing
paste extrusion pressure and liquid content of extrudate in freeze-
form extrusion fabrication. Int J Adv Manuf Technol.
2012;67:899-906.

Liu W, Zhang J, Weiss P, Tancret F, Bouler J-M. The influence of
different cellulose ethers on both the handling and mechanical
properties of calcium phosphate cements for bone substitution.
Acta Biomater. 2013;9:5740-50.

Fatimi A, Tassin J-F, Bosco J, Deterre R, Axelos MAV, Weiss P.
Injection of calcium phosphate pastes: prediction of injection
force and comparison with experiments. J] Mater Sci Mater Med.
2012;23:1593-603.

Basterfield RA, Lawrence CJ, Adams MJ. On the interpretation of
orifice extrusion data for viscoplastic materials. Chem Eng Sci.
2005;60:2599-607.

Harrison PJ, Newton JM, Rowe RC. Convergent flow analysis in
the extrusion of wet powder masses. J Pharm Pharmacol.
1984;36:796-8.

Perrot A, Lanos C, Melinge Y, Estellé P. Mortar physical prop-
erties evolution in extrusion flow. Rheol Acta. 2007;46:1065-73.
Bryan MP, Rough SL, Wilson DI. Investigation of static zones
and wall slip through sequential ram extrusion of contrasting
micro-crystalline cellulose-based pastes. J Non-Newton Fluid
Mech. Available from: http://www.sciencedirect.com/science/
article/pii/S0377025714001207. Accessed 29 Nov 2014.

Patel M. Theoretical aspects of paste formulation for extrusion
[PhD]. University of Cambridge; 2008.

Wong HHC, Kwan AKH. Effects of packing density, excess
water and solid surface area on flowability of cement paste. Adv
Cem Res. 2008;20:1-11.

@ Springer


http://www.sciencedirect.com/science/article/pii/S1742706115001683
http://www.sciencedirect.com/science/article/pii/S1742706115001683
http://www.highbeam.com/doc/1P3-1616152621.html
http://www.sciencedirect.com/science/article/pii/S0377025714001207
http://www.sciencedirect.com/science/article/pii/S0377025714001207

	Extent and mechanism of phase separation during the extrusion of calcium phosphate pastes
	Abstract
	Graphical Abstract
	Introduction
	Materials and methods
	Powder characterisation
	Paste preparation
	Extrusion of paste
	Extrusion analysis
	Injectability
	Phase separation and liquid migration
	Solids flow regime

	Statistical analysis

	Results
	Powder characterisation
	Plunger rate and initial LPR
	Geometry of delivery device
	Flow regime of liquid and powder components during extrusion

	Discussion
	Initial LPR and plunger rate
	Geometry of delivery device
	Flow regime of liquid and powder parts within syringe barrel during extrusion
	Mechanism of phase separation

	Conclusions
	Acknowledgments
	References




