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Abstract Experimental calcium sulphate bone cement has

been tested by ultrasounds to characterise its progressive set-

ting through the evolution of several acoustic properties. The

acoustic impedance z(t), the density ρ(t) and the speed of

sound c(t) versus the curing time have been monitored dur-

ing the viscous-to-solid transition of the cement as a function

of different mixing conditions. Injectability tests were also

performed and the results have been related to the acous-

tic properties measured previously. It has been observed that

further mixing after cement’s constituency, and before the

initial setting time of the cement, drastically affects both

the characteristic setting times and the injectability of the

cement.

1 Introduction

Ceramic bone cements (CBCs), i.e. calcium phosphate

and calcium sulphate based bone cements, have been

used in dental and orthopaedic applications to improve

the quality of life of patients affected by bone fractures,

bone tumours, osteoporosis and dental and/or craniofa-

cial affections. This success has led to the development

of several commercial formulations, i.e. Norian SRS C©,
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Cementek C©, Biocement-D C©, α-BSM C©, chronOS Inject C©,

BoneSource C© and/or Biopex C©, which have been indicated

for certain particular applications [1].

Recently, with the advent of minimally invasive surgery

techniques, CBCs have been also applied to spinal surgery

(vertebro- and/or kyphoplasty) [2–5]. However, surgeons

have reported great difficulties in filling the vertebral bod-

ies (bad injectability of present CBCs) and other problems,

such as bone press-filtering and cement decohesion, observed

during vertebral body injection, that have resulted in bone

instability due to low mechanical strength and long setting

times of the cement [6]. For these reasons, the clinicians

have indicated that new research on injectable biomateri-

als is needed because the future of orthopaedic surgery also

heads in the direction of minimal invasion, where clinical

techniques have lower cost and patients return to their nor-

mal activities much sooner. Thus, as interest in vertebro- and

kypho-plasty continues, the application of injectable cements

through minimally invasive techniques in the management

of skeletal defects has become popular and scientists have

approached the rheological properties of these materials in

several ways [6–10].

The present research aims at furthering the understand-

ing of injectable CBCs, as those used in spinal surgery,

to elucidate which rheological properties are needed to in-

ject these biomaterials into bone cavity before their setting.

This general objective has been approached by monitoring

the acoustic properties of an experimental calcium sulphate

CBC during its setting by ultrasounds [11]. However, as

these materials have progressive setting, it is not known

how the injectability can be maintained in a clinical pro-

cedure. For these reason, ultrasound monitoring and injec-

tion experiments were also investigated at different mixing

conditions.
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2 Materials and methods

Cements were made by mixing, by hand with a pestle in

a mortar during 30 s, calcium sulphate hemihydrate (CSH)

with water of pharmaceutical quality at different liquid-to-

powder L/P ratios (0.5 ≤ L/P(mL/g) ≤ 3.5). The setting was

monitored, 30 s later, at room temperature by ultrasounds

during 1 h following the method outlined by Carlson et al.

[12]. Cement made at L/P = 2 mL/g was selected for fur-

ther studies. It set under static conditions to obtain, from

the evolution of the speed of sound versus time’s curve (see

the results section), the ultrasound’s initial and final setting

times (IST, FST). Then, replicas were prepared in a glass

tube and set up to resting times RT lower than the IST, where

resting time means that time for which the cement sets with-

out further continuous or discontinuous mixing (i.e. under

static conditions). After completion of those fixed RTs, ce-

ments were mixed by agitation (YelloLab Test Tube Shaker,
Ika Works, Inc.) at 1600 rpm during 30 s and monitored again

(as above, see Ref. 12), 30 s later, by ultrasounds during 1 h.

The acoustic impedance z(t), the density ρ(t) and the speed

of sound c(t) were measured with this method [12].

The injectability was approached, following the method

outlined by Driessens et al. [13], by extruding syringes of

5 mL, filled with cement up to ≈4.6 mL (i.e. ≈3.7 cm), at

a crosshead speed of 50 mm/min (i.e. maximum extruding

time to empty the syringe ≈45 s) and up to a maximum load

of 300 N, using an MTS Insight 5 universal testing machine.

Following this method, the evolution of the extrusion force

was recorded against the extruding time for different mixing

conditions; i.e. samples setting at rest up to different RTs and

then injected, and samples mixed again at 1600 rpm for 30 s

after completion of fixed RTs and then injected.

Scanning Electron Microscopy SEM was performed for

some cement samples setting up to fixed resting times, before

(i.e. RT = 0 min) and after (i.e. RT = 0, 1.5, 3 & 9 min)

the application of further mixing during 30 s at 1600 rpm,

in order to see any effect on cement’s crystals distribution

that could be related to cement’s densification (see results).

Samples were quenched in acetone immediately after both,

the completion of RTs or the additional mixing protocol to

stop the hydration reaction of the cement.

3 Results and discussion

Figure 1shows the evolution of the speed of sound of ultra-

sound pulses traversing a cement sample versus the curing

time, and as a function of the L/P ratio. These curves are used

to calculate the characteristic initial and final setting times

of the curing cement reaction [11]. The speed of sound is

constant for times both lower than the IST and higher than

the FST; between the IST and the FST (i.e. the setting period)
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Fig. 1 Speed of sound versus Curing time: Effect of the liquid-to-
powder ratio L/P for CS-cement

the speed of sound increases at constant rate. Figure 1 shows

that the IST and the FST increased as the L/P ratio, indi-

cating that high L/P ratio retards the setting. Moreover, the

initial constant speed of sound before the IST decreased as

the L/P ratio increased, approaching the value of 1500 m/s,

characteristic of sound traversing water, i.e. the condition L/P

> 2 mL/g produced very liquid cements (non useful for the

present study). Similar behaviour is observed for the speed

of sound at saturation after the FST, i.e. it decreased as the

L/P ratio increased. In general, these results indicated that

cements set faster and were more compact for lower L/P

ratios.

Figures 2 and 3 show the evolution of the acoustic

impedance z(t) and the density ρ(t), respectively, versus the

curing time for cement made at L/P = 2 mL/g, and as a

function of resting times RT. This L/P ratio showed good

workability, it had the highest useful IST of the series (IST

≈ 14(±1) min) and allowed for more experiments at RT

< IST. Figures 2 and 3show that, if cement mixing (30 s
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Fig. 2 Acoustic impedance versus Curing time: Effect of further mixing
(30 s at 1600 rpm) after completion of resting times RT = 3 & 9 min
of CS-cement at L/P = 2 mL/g
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Fig. 3 Density versus Curing time: Effect of further mixing (30 s at
1600 rpm) after completion of resting times RT = 3 & 9 min of CS-
cement at L/P = 2 mL/g

at 1600 rpm) is again performed at some time (RT = 3 or

9 min) after the initial powder and liquid cement mixture,

the acoustic impedance and the density increased with RT,

as compared to the control cement for which no additional

mixing is performed at any time. These results indicated that

further mixing before the IST compacts and makes the ce-

ment more homogeneous (i.e. more constant z(t) and ρ(t)
values along the whole curing period) probably by eliminat-

ing air bubbles introduced during hand mixing and also by

favouring a better distribution of reactant and product crys-

tals, i.e. CSH and CS-dihydrate (CSD) crystals. SEM results

seemed to corroborate this conclusion (see later). An inter-

esting observation is that more compact and homogenous

cements are produced as RT approaches the IST, i.e. higher

nearly-constant values of both z(t) and ρ(t). In fact, values

around 0.5(± 0.1) g/cm3 (i.e. sample at RT = 0 min) are typ-

ical of porous calcium sulphate cements while values around

1.2(±0.1) g/cm3 (i.e. sample at RT = 3 min) and 1.8(± 0.1)

g/cm3 (i.e. sample at RT = 9 min) are also known for compact

calcium sulphate cements [14]. It should be noted in Fig. 3

that data acquisition for curves RT = 3 & 9 min start at 3 &

9 min, meaning that before these times (i.e. before the appli-

cation of 30 s mixing at 1600 rpm) the setting condition was

exactly the same as that of the control and so the density of

cements before the application of further mixing is the same

as that reported by the control curve. This means that further

mixing actually densifies the cement material. It should be

mentioned that no thermal effect, that could accelerate the

setting of the cement, was noticed with a thermometer after

mixing at 1600 rpm for 30 s.

Figure 4shows the evolution of the speed of sound versus
the curing time for cement made at L/P = 2 mL/g, and as

a function of RT. It shows how setting times (IST and FST)

can be drastically reduced if appropriate mixing protocols are
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Fig. 4 Speed of sound versus Curing time: Effect of further mixing
(30 s at 1600 rpm) after completion of resting times RT = 1.3, 2.3, 3
& 9 min of CS-cement at L/P = 2 mL/g. (Note: two curves are shown
for sample RT = 3 min to show that standard deviation (not drawn for
clarity) of ultrasound measurements was less than 2%)

conducted just after the initial mixture of the powder and liq-

uid cement phases. Interestingly, when cement set at rest dur-

ing 1.3 min and then was mixed during 30 s at 1600 rpm, the

IST reduced from 14(±1) min (i.e. the control) to 4(±1) min,

and the FST reduced from 23(±1) min to 10(±1) min. In that

particular case, the setting reaction was heavily accelerated.

On the other hand, when RT approached the IST the effect

on the setting times reduced. Figure 4 also shows that the ob-

served results had good reproducibility (see curves for series

RT1 and RT2, both made at RT = 3 min), which is a charac-

teristic of ultrasonic measurements (inherent error less than

2%; standard deviation not drawn for clarity). In fact, the

differences observed between curves in Fig. 4 showed to be

statistically significant at a probability level of 95% (α =
0.05).

It is thought, based of SEM observations (see later), that

the results in Fig. 4 should be related with the number and

size of CSD crystals which are formed at the beginning of the

hydration reaction of CSH crystals and on how these crys-

tals are distributed in volume when further mixing is applied.

However, more research is needed to clarify these observa-

tions. On the other hand, Figs. 3 and 4 shows that further

mixing before the IST can both accelerate the setting (i.e.

fast setting cements) and improve the densification of the

material (i.e. better mechanical properties). It is also impor-

tant to note that the speed of sound of all samples for times

lower than their IST was 1500 m/s, which is the same as

that of ultrasound pulses traversing water. This means that

before the IST cement behaves as a liquid phase similar to

water; thus, when injection was performed before the IST,

injectability was similar for all the cements tested in that

condition (i.e. measured speed of sound around 1500 m/s) to

that observed for sample RT(min) = 0 in Fig. 5 (see later).

Moreover, the speed of sound at saturation was also the same
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Fig. 5 Extrusion force versus Extrusion time: Effect of RT on CS-
cement’s injectability at L/P = 2 mL/g

for all the samples, i.e. 1640 m/s. This means that the differ-

ences observed for the cement’s density (see Fig. 3) are not

enough to change the speed of sound traversing the cement,

i.e. from the point of view of ultrasound pulses the physical

properties of the crystal microstructure of the cements is the

same after their FST.

Figure 5 shows the evolution of the extrusion force ver-
sus the extruding time during the injectability experiments

of cement made at L/P = 2 mL/g. Cement samples were pre-

pared following the same protocol. Syringes of 5 mL filled

with cement were allowed to set at different resting times

without further agitation (RT = 0N, 14N, 17N, 22N, 27N,

32N min; where “N” stands for “No-further agitation”) and

then extruded (see materials and methods). Sample at RT =
0N min was the control for the injectability experiments, i.e.

sample extruded immediately after cement’s constituency;

RT = 14N min is a sample at the IST; RT = 17N is a sample

between the IST and the FST; RT = 22N min is a sample

at ≈FST; and RT = 27N & 32N min are samples at RT >

FST. The general observation is that cement’s injectability

decreased (as expected) with the increase of RT; i.e. with the

progress of the hydration setting reactions. If a force value is

taken constant (200 N, for example) it is observed that this

level of force was attained in shorter time for higher RTs, i.e.

more set and less injectable cements. Other specific obser-

vations such as cement-water filtration and cement blockage

(force step-drop variations) inside the syringe can be also

observed in Fig. 5. It is worth-mentioning that the control

cement (i.e. RT = 0N min) was fully injectable during the

maximum allowed extruding time period, i.e. ≈ 45 s. In fact,

if cements mixed at different RTs are injected before their

characteristic IST (see Fig. 4) the extrusion behaviour (i.e.

minimum constant extrusion force or maximum injectabil-

ity) was the same as that of the control sample (i.e. RT =
0N min; in Fig. 5). This was also in agreement to the results
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Fig. 6 Extrusion force versus Extrusion time: Effect of further mixing
(30 s at 1600 rpm) on CS-cement’s injectability at L/P = 2 mL/g, i.e.
non-further agitation (N) versus further agitation (A) after completion
of fixed resting times RT = 14 & 17 min

observed in Fig. 4, where the speed of sound for times t <

IST was 1500 m/s, i.e. the speed of sound through water (very

liquid cements). Statistic analysis performed on three series

of experiments confirmed the above observations.

Figure 6shows the effect on the extrusion force versus the

extruding time of applying further mixing of 30 s at 1600 rpm

to samples setting at rest up to RT = 14N & 17N min. Accord-

ing to Fig. 4, it is not expected to observe any acceleration

effect on the setting times IST & FST. However, Fig. 6 shows

that, after completion of fixed RTs, additional mixing (i.e.

samples RT = 14A & 17A in Fig. 6) significantly decreased

the injectability as compared with cement samples with no

additional mixing (i.e. RT = 14N & 17N). This means that,

after the IST, further mixing is still able to compact the ce-

ment. In fact, from the point of view of the injectability, the

additional mixing applied to samples RT = 14 & 17 was

equivalent to those samples setting at rest (i.e. with no addi-

tional mixing at any time) for curing times t > 27 min (see

Fig. 5). Moreover, the effect of compactation due to the ad-

ditional mixing is so notable that liquid phase press-filtering

and cement blockage inside the syringe were also noted in

Fig. 6 (see force step-drop variations).

Figure 7is a survey of SEM pictures taken at different mix-

ing conditions. Left-top picture shows the reactant powder

phase of the cement, i.e. CSH crystals. These crystals are as

large as 20 μm with an aspect ratio of ≈0.25. Right-top pic-

ture shows the cement after hand mixing of the powder and

the liquid phases during 30 s and then quenched in acetone to

stop further CSH-crystals hydration (see materials and meth-

ods). The microstructure showed a network of needle shape

(aspect ratio of ≈0.08) mild entangled CSH & CSD crystals

(equally oriented in all directions). Middle-left picture is the

same cement as that in right-top picture but with an added

mixing of 30 s at 1600 rpm. In that case, it was observed

that needle-shape CSH & CSD crystals oriented preferably
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Fig. 7 SEM pictures at different
mixing conditions. See the text
for comprehensive description
of the microstructures. (Top-left:
reactant powder phase of CSH
crystals; Top-right: cement
control quenched without
further mixing; Middle-left:
cement control with further
mixing of 30 s at 1600 rpm and
quenched; Middle-right &
bottom pictures: cement set at
different times (i.e. 1.5, 3 &
9 min), mixed again for 30 s at
1600 rpm and quenched)

following centrifugal forces. Similar behaviour was observed

for those samples setting at rest for 1.5 (middle-right picture)

& 3 (bottom-left picture) min and mixed again for 30 s at

1600 rpm. This general effect seemed to stop as the IST of the

sample was approached; see bottom-right picture for resting

time of 9 min and further mixing of 30 s at 1600 rpm. Al-

though these observations are quite subjective, these should

to be at the base of a possible explanation for the acceleration

(see Fig. 4) and the densification (see Figs. 3 and 6) effects

observed in this study.

4 Conclusion

It has been put forward that further mixing, after cement’s

constituency and before the initial setting time IST, improves

the setting (i.e. lower IST & FST) but reduces the injectability

of calcium sulphate based cements. Ultrasound monitoring

contributed with relevant information to the understanding of

the curing cement’s process by recording the evolution of the

acoustic impedance, the density and the speed of sound dur-

ing the cement’s setting. The characteristics IST & FST were

obtained from the evolution of the speed of sound. SEM ob-

servations helped to clarify that cement’s densification was

related to preferential orientation, due to agitation, of the

needle-shape CSH & CSD crystals formed during the ini-

tial stages of the hydration reaction. The final conclusion is

that mixing actually affects the setting of injectable calcium

sulphate bone cements.
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