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PUBLICATION DISSERTATION OPTION 

This thesis is based on the publication dissertation option. It gathers four complete 

manuscripts that have been published or to be submitted for publication in scientific 

journals, besides a general introduction and conclusion. The first manuscript, that is 

presented in the third chapter, is published in Acta Biomaterialia (2008 (4), pp. 1465-1471). 

The fourth chapter includes the second manuscript which has been published in Acta 

Biomaterialia (2010 (6), pp. 250-256). The fifth and the sixth chapters present two 

manuscripts that are prepared for submission in Acta Biomaterialia. They are entitled 

"Permeability measurements and interrelation to the calcium phosphate hydraulic paste 

injectability" and "Ultrasonication to improve the delivery of hydraulic calcium-phosphate 

paste" respectively. 
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Summary 

Bone defects resulting from trauma or diseases are generally repaired by placing a "spacer" 

material into the defect. This material, which can be either a bone graft or a bone graft 

substitute, acts as mechanical scaffold for cells, in particular bone cells, which can either be 

primarily integrated in the construct or secondarily grow in the surrounding bone. Within a 

short time, these cells can produce new bone and if the "spacer" material is biodegradable, 

the bone defect can be eventually replaced by new mature bone. In the last few years, it has 

been a growing practice to use injectable biomaterials. These materials are typically 

delivered through a catheter into the host bone. The injectable materials harden inside the 

bone thus providing the necessary mechanical stabilization. For these minimally invasive 

procedures, polymethylmethacrylate (PMMA) cements have been traditionally used. 

However, these cements are biologically inert. Currently, there is a growing trend to replace 

PMMA with biodegradable and biologically more suitable materials. 

Calcium phosphate cements, prepared by mixing calcium phosphate powder(s) with an 

aqueous solution, have received significant attention in both the medical and scientific 

communities. These biodegradable cements have been reported in the literature to exhibit 

favorable biological response and to allow bone ingrowth as they resorb. These cements are 

of particular interest for trauma patients. 

During the delivery of these calcium phosphate cements through a catheter, the pressure 

applied to the cement paste causes an adverse effect in that the dispersing liquid is filtered 

out under pressure from the hydraulic calcium phosphate paste. As a result, the paste left in 

the delivery syringe becomes deprived of the liquid. Consequently, the paste is no more 

amendable for injection and the physician is no longer able to force the cement paste into the 

bone host. The liquid phase filtration, often referred to as phase separation, is a major 

drawback hindering the use of biological calcium phosphate cements in minimally invasive 

bone tissue repair. In these cases, the paste is referred to be poorly-injectable. 
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The objective of this thesis was to understand what happens during phase separation and 

based on this knowledge to investigate ways to predict a poor injectability based on the 

properties of the starting powder and search for practical methods to improve the paste 

injectability. The undertaken approach was first to examine the delivery process of the paste 

and to understand the mechanism underlying the phase separation process. Secondly, an 

attempt was made to relate the powder permeability to the paste injectability. Finally, once 

the scientific understanding was achieved, the objective was to propose a practical solution to 

improve injectability. Whereas most previously published studies have focused on physical 

or chemical approaches, I focused here on an electromechanical approach, namely 

ultrasonication. 

This thesis combines four manuscripts of which I am the first author. The first manuscript 

examines the phase separation process and related process parameters. This article provides 

detailed experimental results of the delivery and separation process. During the delivery of 

40% Liquid-to-Powder-Ratio (LPR) paste, only 62±3 % of the paste initially present in the 

10-mL syringe could be injected. Thereafter, the remaining paste in the syringe was not 

amendable to injection suggesting the existence of liquid separation. The LPR of the 

extruded fraction of a 37% LPR paste ranged from 40.9±2.0 % to 42.7±2.1 %. On the other 

hand, a shortage of water content was measured for the paste left in the syringe. Furthermore, 

this shortage was gradual, ranging from 27.3±1.9 % at the plunger side to 30.9±1.6 % at the 

tip side. In addition, this article presents rheological measurements of the paste showing 

clearly that the limitation was not related to the viscosity of the paste but rather to the phase 

separation process. Specifically, the yield stresses were around 66±2 Pa, 19±2 Pa, and 8±0 Pa 

for 40%, 50%o, and 65% LPR suspensions, respectively. For the three studied LPRs, the 

viscosity rapidly dropped with an increase of shear rate to a level below 10 Pa-s. 

The second manuscript examines the possibility that fine particles migrate faster than large 

particles during injection, hence leading to a so-called size separation. This size separation 

process can be expected from the scientific literature, but had not been investigated prior to 

my study. In a way, the size separation is very similar to the phase separation process. An 

electrohydraulic system was used to control the delivery process. The result of this second 
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study showed no evidence of size separation. It was therefore concluded that the main 

mechanism underlying the limited injectability is the liquid phase filtration through the 

porous particles bed of the paste. 

The third manuscript examines the role of powder porosity (s) and permeability. For that 

purpose, an electronically assisted device was used to measure the powder permeability. In 

this study, three powders were examined for comparison and better understanding. In 

addition, the powder permeability was correlated with the paste injectability. Adding 3 wt% 

of a fine nanosized powder to the p-TCP powder decreased the mixture permeability at a 

porosity of e = 67.5% from 6.4-10"13 m2 to 5.6-10"13 m2 and increased the injected volume 

fraction from 70.8±1.9 % to 84.5±0.9 %. The results showed clear evidence that the 

injectability can be improved by admixing different powders. However, permeability was not 

a strong predictor of the liquid separation phenomenon. 

The last manuscript provides a practical solution to reduce phase separation occurrence. For 

that purpose an ultrasonication process was suggested and applied during the delivery 

process to improve injectability. Specifically, sonicating the paste reduced agglomeration, 

decreased paste viscosity due to the shear thinning and therefore reduced phase separation. 

The result of the ultrasound assisted delivery was remarkably effective since it has been able 

to fully deliver highly concentrated paste, with minimal force exerted by hand. For instance, 

the injectable volume fraction of a 40% LPR paste injected with a 5-mL syringe increased 

significantly from 71.3±0.5 % to 99.1±0.9 % using 150 microns ultrasonic amplitude at a 20 

kHz frequency. This chapter provides clear evidence that an electromechanical approach can 

be used to improve the injectability of a calcium phosphate paste. 

This thesis addresses an important limitation of calcium phosphate cements, namely phase 

separation during injection. This thesis also provides a scientific understanding and a 

practical solution for this problem. The electromechanical solution proposed here is one out 

of several possible solutions. Future work may focus on building numerical tools to help in 

the design of the powder and to understand the link between powder properties, rheology, 

syringe geometry and phase separation. 
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RESUME 

La reparation osseuse est une methode en pleine expansion utilisee pour les patients atteints 

de traumatismes et d'osteoporose. Les nouvelles techniques de reparation osseuse favorisent 

de plus en plus I'utilisation de biomateriaux injectables. Ces materiaux sont typiquement 

injectes a l'aide d'un catheter dans l'os. Les materiaux injectables durcissent a l'interieur de 

l'os ce qui produit la stabilisation mecanique necessaire. Ces procedures minimalement 

invasives utilisent traditionnellement le ciment de polymethylmethacrylate (PMMA) qui a 

largement profite de l'experience medicale accumulee dans rarthroplastie. Toutefois, ces 

ciments sont biologiquement inertes. Actuellement, il y a une tendance croissante a utiliser 

des materiaux bioactifs dans les procedures de reparation des os pour ameliorer le processus 

de guerison. 

Le ciment phosphocalcique, prepare par le mixage de la poudre phosphocalcique avec un 

liquide de dispersion, a recu une attention considerable dans les communautes medicales et 

scientifiques. Ces ciments ont ete rapportes dans la litterature pour presenter une reponse 

biologique favorable, permettant une repousse osseuse pendant qu'ils se resorbent. Ces 

ciments sont d'un interet particulier pour les patients souffrant de traumatismes. 

Dans la livraison de ciment a travers un catheter, la pression appliquee a la pate de ciment 

provoque un effet adverse dans lequel le liquide de dispersion est filtre sous la pression de la 

pate phosphocalcique hydraulique. En consequence, la pate laissee dans la seringue est privee 

du liquide de dispersion. Par consequent, la pate n'est plus modifiable pour l'injection et le 

medecin n'est plus en mesure de forcer la pate de ciment dans l'os. La phase de filtration du 

liquide, souvent appelee la phase de separation, est un inconvenient majeur qui entrave 

I'utilisation de la diversite biologique du ciment phosphocalcique dans les reparations non

invasives du tissu osseux. 

L'objectif de cette these est de chercher une solution pratique pour resoudre la problematique 

de l'injectabilite limitee de la pate phosphocalcique. L'approche adoptee a ete en premier 
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d'examiner le processus de livraison de la pate et de comprendre le mecanisme sous-jacent de 

la phase de separation. Deuxiemement, une fois la connaissance scientifique atteinte, 

I'objectif est de fournir une solution pratique sous forme electromecanique. La nature de la 

solution electromecanique n'etait pas connue au debut de la these. Pour l'efficacite de cette 

solution, une comprehension concrete du mecanisme de la separation de phase est necessaire. 

Des methodes experimentales ont ete utilisees et leurs resultats emergents de celles-ci ont ete 

compares aux connaissances theoriques et analytiques dans ce domaine ainsi que dans 

d'autres domaines relatifs afin d'examiner le processus de livraison et de proposer des 

solutions. 

Cette these combine quatre manuscrits dont je suis le premier auteur. Le premier manuscrit 

examine le procede de la separation de phase et d'autres parametres connexes. Cet article 

fournit des renseignements detailles sur les processus de livraison et de separation. Au cours 

de la distribution d'une pate LPR 40% (Liquid-to-Powder-Ratio), seulement 62±3 % de la 

pate initialement presente dans la seringue de 10-mL pouvait etre injecte avec une force 

raisonnable. Par la suite, la pate restante dans la seringue n'est pas injectable, suggerant 

l'existence d'une separation liquide. En effet, lors de l'injection d'une pate avec un LPR de 

37%, la portion injectee avait un LPR variant de 40,9±2,0 % a 42,7±2,1 %. D'autre part, un 

manque de teneur en eau a ete mesure pour la pate conservee dans la seringue, ce qui la 

rendait non-injectable. Le LPR de la fraction non-injectable de la pate LPR 37% variait de 

27,3±1,9% a 30,9±1,6 %. En plus, cet article presente des mesures rheologiques de la pate, 

montrant clairement que la limitation ne porte pas sur la viscosite de la pate, mais plutot sur 

le processus de la separation des phases. Plus precisement, la limite d'ecoulement etait autour 

de 66±2 Pa, 19±2 Pa, et de 8±0 Pa pour des suspensions LPR de 40%, 50% et 65% 

respectivement. Pour les trois LPRs etudies, la viscosite diminue rapidement avec une 

augmentation du taux de cisaillement a un niveau inferieur a 10 Pa-s. 

Le deuxieme manuscrit examine la capacite des particules fines a migrer par un mecanisme 

similaire a celui observe lors de la separation de liquide, laissant derriere une pate privee 

d'eau et de particules fines. Un systeme electromecanique a ete utilise pour controler le 

processus de livraison dans un laboratoire de simulation. Le resultat de la seconde etude n'a 
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montre aucun signe de la migration des particules fines. II a done ete conclu que le principal 

mecanisme limitant l'injectabilite est la phase de filtration liquide a travers le reseau poreux 

des particules de la pate. 

Le troisieme manuscrit examine le role de la porosite (s) de la poudre et la permeabilite dans 

le processus de livraison en utilisant un dispositif electromecanique assiste pour mesurer la 

permeabilite de la poudre. Dans cette etude, pour la comparaison et pour une meilleure 

comprehension, trois poudres ont ete examinees. En outre, la permeabilite de la poudre a ete 

correlee avec l'injectabilite de la pate. En ajoutant 3% par masse de poudre fine synthetisee 

par plasma a la poudre p-TCP, une reduction de la permeabilite du melange a 8 = 67.5% a ete 

observe de 6.4-10" m a 5.6-10" m avec une augmentation de la fraction du volume 

d'injection de 70,8±1,9 % a 84,5±0,9 %. Les resultats ont montre clairement que 

l'injectabilite peut etre amelioree en melangeant differentes poudres. Toutefois, la 

permeabilite n'est pas un facteur predictif fort du phenomene de separation liquide. 

Le dernier manuscrit apporte une solution pratique dans laquelle un processus de traitement 

par sonification a ete suggere dans le processus d'injection afin d'ameliorer l'injectabilite. 

Plus precisement, la sonification de la pate reduit l'agglomeration, ameliore les proprietes 

rheologiques en raison de l'amincissement par cisaillement de la pate et done reduit la 

formation du filtre. Le resultat de ce traitement a ete remarquablement efficace car nous 

avons ete capables d'extruder pleinement la pate concentree, avec un minimum de force 

exercee par la main. Par exemple, la fraction du volume injecte a considerablement augmente 

de 71,3 ± 0,5% a 99,1 ± 0,9% pour une pate LPR 40% injectee par une seringue de 5-mL a 

30% d'amplitude ultrasonique maximale avec une frequence de 20 kHz. Ce chapitre fournit 

une preuve claire et des donnees pour la solution electromecanique proposee. 

Cette these fournit une comprehension scientifique interdisciplinaire d'un domaine ou les 

connaissances sont limitees. De plus, elle propose une solution pratique pour l'injectabilite 

limitee de la pate phosphocalcique. La solution electromecanique est une solution possible 

parmi tant d'autres. Les travaux futurs peuvent se concentrer sur la construction d'outils 
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numeriques pour aider a la conception de la poudre et la comprehension de la rheologie 

complexe de la pate dans la conception pratique. 

Mots cles: injectabilite, phosphate de calcium, reparation osseuse, ultrasonore, 

electromecanique. 
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CHAPTER 1 

Introduction 

1.1 Context 

Improvement of life quality and the consequent increase in life expectancy are accompanied 

by a growing demand for the bone repair. Bone repair remains an important challenge in the 

field of orthopedics. Spinal fusions and repair of bone defects caused by trauma, tumors, 

infections, biochemical disorders, abnormal skeletal development and osteoporosis are 

among the most commonly performed orthopedic procedures [Deyo et al , 2004]. As an 

example of the problem size, about 6.8 million undergo medical consideration for bone repair 

each year in the United States only [Steir et al., 2005]. Furthermore, osteoporosis as an 

example represents the most common skeletal disease, affecting approximately 200 million 

people all over the world [Pesce et al., 2009]. Fractures due to osteoporosis represent one of 

the most common causes of disability and one of the major burdens on the health economic 

budget in many countries of the world [Pesce et al., 2009]. Fragility fractures, in skeletal sites 

with particular biomechanics characteristics such as hip and vertebrae, are quite complex 

with slow healing and co-morbidities. Osteoporosis does not only increase the risk of fracture 

but also represents a problem in osteofixation of fractures in bone fracture treatment. In the 

treatment of osteoporotic fractures it is important to consider different aspects: general 

conditions of elderly patient and co-morbidity, the reduced muscular and bone mass and the 

increased bone fragility. In addition, bone fracture healing is a very important process. 

Bone fracture healing is roughly completed by 6-12 weeks after the initial injury [Brown 

1999; Kawai et al., 1997]. However fracture healing in osteoporosis is much slower 

depending on many factors (nutrition, severity of osteoporosis, medication etc.) and is not 

predictable. Therefore, in the elderly patients, fracture treatment represents a challenge to 

orthopedic physicians. 
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Progresses through research and enhanced understanding of fracture repair have allowed 

many treatment options and superior results. Unlike the open surgery, minimally invasive 

intervention provides many advantages in terms of cost, hospitalization and healing time. The 

importance of minimally invasive surgery is undoubted. Specifically, the incision is minimal 

in minimally invasive procedures. For the success of the healing process it is not the length 

of the surface incision that is important, but rather the traumatization of the tissue under it 

[Velvart et al., 2005]. Therefore, the minimally invasive procedure reduces patient injury and 

shortens recovery times. 

Likewise, biomaterials have made an important contribution to modern health care and will 

expand further as musculoskeletal disorders, especially osteoporosis and fragility fractures, 

increase with the rising percentage of the aging population [Heini and Berlemann, 2001; 

Lieberman et al., 2005; Nilsson, 2003;]. Each biomaterial considered for potential clinical 

application has specific chemical, physical, and mechanical properties. For example, the 

bone grafts used to fill the bone fractures voids have completely different physical properties 

than the bone cements that are used in the minimally invasive procedures. There are some 

considerations regarding the bone cement that is used for the minimally invasive procedures. 

It should have good injectability especially through a catheter (cannula). In other words, the 

injection force should be small to be provided by surgeon's hand. Besides, it should have 

good cohesiveness properties to avoid any disintegration in vascular system [Bohner et al., 

2006]. Also, cement thickness and mechanical properties are keys in the success of these 

procedures. Polymethylmethacrylate (PMMA) is one of the bone cements widely used in the 

minimally invasive operation. The percutaneous injection of (PMMA) bone cement under 

radiological guidance into a bone host is justified by the surgical circumstances [Ikeuchi et 

al., 2001; Mathis, 2006]. Several inherent advantages of PMMA include ease of handling, 

good biomechanical strength and stiffness, and cost-effectiveness. Several disadvantages, on 

the other hand, include no biologic potential to remodel or integrate into the surrounding 

bone, excessive inherent stiffness, high polymerization temperature, toxicity to local bone 

cells and potential systemic monomer toxicity [Fini et al., 2002; Heini and Berlemann, 2001; 

Lieberman et al., 2005]. 

2 



CHAPTER 1 Introduction 

Recently, significant interest has been given for a synthetic bone substitute capable of 

remodeling or integrating into the surrounding bone. Calcium phosphate bone cement 

(CPBCs) offers the capability for resorption over time and replacement with new bone as a 

biological method to restore vertebral body mass and avoid any potential thermal and toxic 

effects like that of PMMA [Chow et al., 2000; Friedman, 1998; Fulmer et al., 2002; Knaack 

et al., 1998; Lee et al , 1999; Tofighi et al., 2001; Verlaan, 2004,]. The CPBC paste adapts to 

the bone void even for irregularly shaped cavities. It forms hydroxyapatite or dicalcium 

phosphate dihydrate (DCPD) in an aqueous environment at body temperature; thus it is too 

similar to the natural bone composition. This material is also expected to work as an 

optimum carrier for osteoinductive proteins [Seeherman et al., 2004; Spies 2009]. As a result, 

CPBC is not only bioactive, non-cytotoxic and osteoconductive, but also bioresorbable and 

can be replaced by new bone, a fact that is relevant for all patients especially for young and 

trauma patients. Thus, CPBCs seem to be an interesting alternative to acrylic cement. Most 

of these materials have been claimed to be injectable. However, most surgeons complain that 

the CPBCs are poorly injectable in the minimally invasive application. [Bohner and Baroud, 

2005]. 

When the surgeons are trying to inject such CPCB cements through a delivery system that is 

attached to a thin catheter normally used in minimally invasive procedures, the system 

haltens due to a progressive increase in the injection force and the injection suddenly get 

terminated [Bohner and Baroud, 2005]. Namely, the injection force is reasonable initially, 

however, it increases gradually leading to over proportional increase and a halt of the 

injection process accompanied with insufficient injection. 

The focus of this thesis is to provide an electromechanically assisted delivery system that can 

help to solve practically the limited injectability of the CPBCs. The medical mechatronics is 

one of the innovative technological applications of mechatronics. It helps to improve the 

accuracy, efficiency, simplicity and the robustness in the technological application but also it 

helps provide novel solutions. 

In order to design an adequate electromechanical system for assisting the injection of the 

CPBCs during the minimally invasive procedure, a clear understanding of the problem is a 
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necessary step. It is a part of the engineering solution to understand the underlying causes of 

the problem. 

Therefore, throughout this study the underlying causes of the problem and factors that could 

contribute to it will be investigated in the first three manuscripts. These studies will lead 

eventually to propose a practical solution for the problem under investigation. In this context, 

the fourth manuscript comes to propose an electromechanical solution for the limited 

injectability of the CPBCs in the minimally invasive application. The effect of the application 

of ultrasound through the injector on the injection process will be investigated. Also, the 

ultrasonication solution will be validated experimentally in the fourth manuscript. 

1.2 Motivating questions for research 

1.2.1 General questions 

This dissertation seeks the answers to some of the questions concerning the problem 

addressed above, as a general motivation formulated in the following questions: 

What is the mechanism underlying the limited injectability of the calcium phosphate bone 

cement and how can this limitation and its underlying cause be addressed 

experimentally? (Answered in chapter 3) 

What are the factors that contribute to the limited injectability of the calcium phosphate 

bone cement and how the relative contribution of each factor could be assessed 

experimentally? (Answered in chapters 3, 4 and 5) 

What would be the theory behind the design of the electromechanical device and how can 

it be implemented? (Answered in chapters 6) 

1.2.2 Specific questions 

Q. Scientific considerations 
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1 - Does the homogeneity of the calcium phosphate paste change along the course of 

injectability? 

2- Does the cement viscosity contribute to the limited injectability? 

3- Is the injection force required to initiate the delivery too high to be applied by the 

surgeons? 

4- What is the effect of the syringe size on the injectability? 

5- What is the effect of the cannula size on the injectability? 

6- Does the injection rate play a role in the injectability process? 

7- Is there any particle size separation over the injectability course? 

8- What are the powder characteristics that could contribute to the limited injectability? 

9- What are the liquid properties that could contribute to the limited injectability? 

10- What are the paste qualities that should be of interest when designing cement for 

minimally invasive injection? 

11- What is the effect of the powder permeability on the injectability? 

12- What is the effect of using bimodal distribution on the powder permeability? 

13-What is the effect of the powder fineness on both the permeability and the 

injectability? 

14-What is the effect of the fine powder concentration in the bimodal particle size 

distribution on the injectability? 

15-Are the available analytical injectability models including all the powder and process 

attributes pertinent to the problem? 

16- What other parameters can be added to the model in order to improve its accuracy? 

Q. Practical considerations 

17-How should the injectability be defined, quantified and what is the experimental 

model that should be used then? 
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18- What is the quality of the extruded paste and how it can be addressed? 

19- What is the quality of the non-injectable paste and how it can be addressed? 

20- What is the best way to measure the particle size distribution of the very fine calcium 

phosphate powder? 

21- Is there any available method that could be used to spheroidize the calcium phosphate 

powder with the maximum degree of cleanness that is required for the bio-grade 

material? 

22- How can the mechatronics help in the powder permeability measurements? 

Q. Electromechanical considerations 

23-Is there any electromechanical technique that can be used to track the extruded paste 

homogeneity during the injection process? 

24-Do we need an electromechanically assisted device that can produce high injection 

force? 

25-Should the precision of the injected dose be considered when designing the 

electromechanically delivery device? 

26- Will the ultrasound affect the paste during the injectability process? 

27- What is the effect of the ultrasonic amplitude on the injectability? 

28- What is the relation between the ultrasonic power and the liquid to powder ratio of 

the injected paste? 

29- What is the effect of the ultrasound on the injection force? 

1.3 Hypothesis 

The main working hypothesis in the present study was that the liquid phase separation during 

the injection of the hydraulic CPBCs is the major cause for the cake formation, liquid 

filtration and eventually clogging of the delivery system (limited injectability). Accordingly, 
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we use an electromechanical controlled delivery process and examine the process parameters, 

in addition providing adequate and new means to measure and define injectabihty. 

In order to assess the amount of contribution of phase separation to the limited injectabihty 

of the hydraulic paste, the second manuscript postulated that the size separation would 

contribute to the limited injectabihty. 

The third article came to investigate one of the critical powder properties. The powder 

permeability, as a hydrodynamic property, was assumed to affect the injectabihty. More 

specifically, lower permeability reduces the liquid separation process since the pressure 

required to force the liquid through the powder network increases. Thus, the segregation 

process is reduced and the paste extrudate becomes more homogenous. 

Finally, as a practical test of the main hypothesis, maintaining continuous dispersion via 

vibration would prevent the phase separation during the injection. In the fourth manuscript 

this practical test was conducted with the application of the ultrasound over the course of the 

paste delivery, yielding an electromechanical solution that eliminates the liquid phase 

separation and avoids any possible particle cake formation. 

1.4 Objectives 

The main goal of the proposed project is to solve the problem of limited injectabihty induced 

by phase separation and the clogging of the injection device before the appropriate dose is 

delivered to the host bone. 

Clear understanding of the problem essential causes and factors will help in designing an 

effective delivery system. Thus, we start by investigating the limited injectabihty of the 

calcium phosphate (CaP) paste experimentally in order to clearly define the problem and its 

essential causes. Afterward, we study all the parameters that can contribute to the phase 

separation phenomena during the injection and how far these parameters are affecting it. The 

effect of the liquid-to-powder-ratio, powder attributes and design, geometric properties, 
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injection speed and powder permeability on the injectability is investigated. In each of the 

previous studies, a statistical analysis of the variability of all the previously mentioned 

factors is conducted to yield trustworthy conclusions. 

Having achieved an accurate understanding of the underlying mechanisms for limited 

injectability, the next step is to propose a practical solution. A major result that was found 

from the previous studies is that the liquid maldistribution is the major reason behind phase 

separation. So, sustaining a uniform dispersion is a key factor in the solution to the problem. 

Using ultrasound waves to sustain the uniformity of the dispersion is the proposed solution. 

The effect of the ultrasound application during the course of the injection process on the 

injected volume fraction of the CaP paste will be studied. Confirmation of the solution 

experimentally with regard to the injectability is to be achieved. Also, investigating 

ultrasound parameters, such as the amplitude, the power and the frequency are the sub-

objectives of the solution optimization step. 
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CHAPTER 2 

Literature survey 

2.1 Bone repair 

Bone repair is a continuously growing medical necessity due to the increase in life 

expectancy. Bone defects caused by trauma, tumours, infections, biomechanical disorders, 

abnormal skeletal development and osteoporosis represent an important challenge in the field 

of bone repair [Deyo et al., 2004]. As an example of the problem size, about 6.8 million go 

under medical consideration for bone fracture repair each year in the United States alone 

[Sfeir et al., 2005]. Additionally, osteoporosis, as an example, became a major public health 

concern since it represents one of the most common causes of disability and one of the 

outstanding burdens on the health economic budget in many countries [Pesce et al., 2009; 

Szpalski et al., 2005]. It represents the most common skeletal disease, affecting 

approximately 200 million people all over the world [Pesce et al., 2009]. National 

osteoporosis foundation (NOF) has reported in 2002 that there are nearly 7,8 million women 

over 50 years old were osteoporotic and 21,8 million were osteopenic in the United States 

and by 2020 it is expected to rise to, approximately, 41 million women suffering from either 

osteoporosis or osteopenia [Pesce et al., 2009]. As a mainly disease of aging, osteoporosis 

ranked third, behind heart disease and arthritis, but ahead of diseases such as depression, 

diabetes, cancer and Alzheimer's disease [Kostuik et al., 2003]. It is characterized by low 

bone mass and deterioration of bone tissue that leads to increased bone fragility and risk of 

fracture. Normal cancellous bone in a healthy vertebral body is composed of both horizontal 

and vertical trabeculae [Jee et al., 2001]. These trabecular struts are interconnected. While 

the individual vertical and horizontal members, are, by themselves, important in resisting 

loads in particular directions (i.e., anisotropic properties), it is their interaction that gives 

cancellous bone its great compressive strength. Not only the cancellous bone that is affected 
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by the degenerative processes of aging, but also the compact shell which is responsible for 

10% to 45% of the load bearing capacity of the vertebra [Ferguson et al., 2005; Kostuik et 

al., 2003] suffers from bone loss, and consequently thinning. 

Osteoporotic vertebral body illustrates the bone loss experienced with aging. Reduced bone 

quality of the vertebral body is not only the result of reduced apparent bone density but also a 

result of the deterioration in the microarchitecture of the trabecular structure of cancellous 

bone. The increase in bone fragility is due to replacement of plate-like close trabecular 

structures with more open, rod-like structures, decreasing the interconnectivity. The more 

porous appearance of osteoporotic cancellous bone is the result of reduced horizontal cross-

linking struts, thus reducing the buckling resistance of vertically oriented trabeculae [Jee et 

al., 2001]. Osteoporosis common fracture sites, in the elderly osteoporotic patients, are 

associated with hip, ankle, proximal humerus, wrist and vertebrae. Over 700,000 osteoporotic 

compression fractures cases happen in the United States annually [Lieberman et al., 2005; 

Becker and Ogon, 2008]. Fragility fractures, in skeletal sites with particular biomechanics 

characteristic such as hip and vertebrae, are quite complex with slow healing process and co

morbidity. In the treatment of osteoporotic fractures it is important to consider the general 

conditions of elderly patient and co-morbidity. It is well known that advanced age related 

changes normally happen in bone mineral and osteogenic cells and consequently the bone 

fractures heal faster in children that in adult [Sfeir et al., 2005]. Therefore, improvements of 

surgical techniques as well as biomaterials are needed. 

Recently, minimally invasive operations gained lots of attention as they provide many 

advantages in terms of cost, hospitalization and healing time. The minimal incisions 

associated with these operations reduce the patient injury and thus cuts down recovery time. 

2.2 Bone augmentation procedures 

During the last century, new materials and surgical techniques have drastically changed the 

lives of millions of patients [Nilsson, 2003]. Vertebroplasty and kyphoplasty are relatively 

new minimally invasive procedures that are being increasingly used in the treatment of 

11 



CHAPTER 2 Literature survey 

patients with vertebral compression fractures. Advocates of both procedures claim to offer 

advantages over the conservative therapy in terms of immediate pain relief and mechanical 

stabilization of the vertebral body [Galibert et al., 1987; Mathis et al., 2001; Mathis et al., 

1998; Evans et al., 2003; Barr et al , 2000; Cotten et al., 1996; Spivak and Johnson, 2005]. 

Percutaneous vertebroplasty (PVP), first conceived in 1984 in France, by Galibert and 

Deramond [Galibert et al., 1987], involves the injection of a mixture of 

polymethylmethacrylate bone cement (PMMA) and a contrast agent, typically barium sulfate, 

through a catheter into the vertebral bodies under fluoroscopic or computed tomography 

guidance or rarely both. Kyphoplasty, developed in the late 1990s, includes an attempt to 

expand the vertebra with an inflatable balloon prior to the injection of bone cement. In it, a 

surgical instrument is introduced into the spine with a balloon that is inflated to expand the 

bone. Once this instrument is withdrawn, the space created is then filled with the bone 

cement mixture. By creating space in this way, kyphoplasty may correct the deformity or 

restore lost height and sagittal alignment as well as restore the normal load transmission 

patterns from vertebrae to vertebrae [Coumans et al., 2003; Kayanja et al., 2005; Ledlie and 

Renfro, 2003; Lieberman et al., 2001; Lieberman et al., 2005; Phillips et al., 2003]. 

Although good clinical results have been reported in several series of both vertebroplasty and 

kyphoplasty procedures [Lieberman et al., 2005], the definite mechanism of pain relief is still 

a debatable issue. Different mechanisms have been proposed in the literature, including 

mechanical stabilization and thermal or chemical interaction with vertebral tissues or with 

intraosseous pain receptors according to the characteristics of the used bone cements [Lewis 

et al., 1997; Lieberman et al., 2005; Togawa et al., 2005; Togawa et al , 2003]. 

2.3 Bone cements 

Biomaterials have made an important contribution to modern health care. Such materials 

intended to interface with biological systems to evaluate, treat, augment, or replace any 

tissue, organ, or function of the body. The field of biomaterials is a field of materials science 

but with a specific application environment. Each biomaterial considered for a potential 
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clinical application has specific chemical, physical, and mechanical properties. Bone 

cements, as an example, have always been important biomaterials in orthopedics, especially 

in spine surgery. The bone cements used during minimally invasive operations require 

specific biomechanical and biological properties to support the spinal column. These cements 

are normally made up of a powder and a liquid phase that, on mixing, form slurry-like 

materials that set with time to a solid body [Nilsson 2003]. The components should be easy 

to handle and mixed simply. Since the cement can be applied percutaneously through a 

catheter into the vertebral body, it should possess appropriate flow properties [Baroud et al., 

2006]. Moreover, it must be radiopaque to track filler material movement under fluoroscopy 

allowing detection and avoidance of cement leakage that may cause neurological or other 

tissue injury. Finally, upon setting, the cements should exhibit proper biomechanical strength 

and stiffness which resemble that of natural bone in order to withstand load-bearing 

environments [Lieberman et al , 2005; Heini and Berlemann, 2001]. 

2.3.1 Polymethylmethacrylate (PMMA) 

Polymethylmethacrylate (PMMA) bone cement had been commonly used during vertebral 

augmentation procedures [Mathis, 2006; Masahiko et al., 2001]. Good clinical results have 

been reported in several series of both vertebroplasty and kyphoplasty procedures due to a 

number of inherent advantages to PMMA. It increases the load-carrying capacity of the host 

bone. Moreover, familiarity for orthopaedic surgeons, ease of handling, and cost-

effectiveness are recognized. However, PMMA possesses several critical drawbacks. It has 

been hypothesized that the heat generated by the exothermic polymerization of PMMA is 

sufficient to cause thermal necrosis of neural tissue [Lewis, 1997]. In some investigations, 

exothermic temperatures of the cement in between 67 and 124°C in vivo (depending on the 

cement formulation) have been measured during the PMMA polymerization [Lewis, 1997; 

Belkoff et al., 2003]. Besides, the potential local monomer toxicity that can cause a chemical 

necrosis of bone is one of the critical drawbacks. Cytotoxicity of the residual monomer, as 

well as exothermic temperature were hypothesized to contribute to the pain relief [Belkoff et 

al., 2003]. However, mechanical stabilization appears to be the most likely mechanism of 

pain relief [Deramond et al., 1999]. As another drawback, the excessive inherent stiffness of 
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the PMMA cement can be a reason for consequent adjacent fractures [Baroud et al., 2006]. 

Moreover, PMMA is reportedly bioinert. In other words, it is not bioactive and does not 

show any biologic potential to remodel or integrate into the surrounding bone [Heini and 

Berlemann, 2001]. Mineral cement has gained significant interest by surgeon communities. 

Development of more appropriate bone cements, in terms of biocompatibility and 

osteoconductivity, is extremely important, especially for the trauma patients where bone 

repair requirements are exceeding just stabilization to bone tissue regeneration [Lieberman et 

al, 2005; Habibovic and Groot, 2007]. 

2.4 Calcium phosphate bone cements (CPBCs) 

Bioactive bone cements are made up of a mixture of calcium phosphates and an aqueous-

base liquid solution [Fernandez et al, 1999; Nilsson 2003]. Calcium Phosphate Bone 

Cements (CPBCs) have been developed over the last 20 years, and present a number of 

advantageous features for bone cement and hard tissue application [Tofighi et al., 2001]. 

Calcium phosphate ceramics, such as hydroxyapatite (HA) or [3-tricalcium phosphate (p-

TCP), are widely used for cavity filling applications [Fernandez et al., 1999]. 

Their structure and composition are close to the human bone, conferring them a good 

biocompatibility and osteoconductivity [Fernandez et al , 1999; Tofighi et al., 2001]. Human 

bone is a composite material made up of collagen and calcium phosphate mineral. The 

mineral phase of bone comprises 60-70% of total dry bone weight. Bone mineral is an 

apatitic calcium phosphate containing carbonate and small amounts of sodium, magnesium, 

fluorine and other trace elements. The submicroscopic crystal of calcium phosphate in bone 

resembles the crystal structure of hydroxyapatite (HA) [Fernandez et al., 1999; Sinha et al., 

2001]. Moreover, calcium phosphate cement offers the potential for resorption of the cement 

with the time and replacement with new bone which imply a biological method to restore 

vertebral body mass. Several preclinical animal studies and human pilot studies have shown 

that these calcium phosphate cements are highly osteoconductive and undergo gradual 

remodelling with time however, there are only a few published manuscripts reporting 

histological data with calcium phosphate cement in vertebroplasty model [Kondoa et al., 
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2005; Togawa et al., 2006; Spies et al., 2009]. Kondoa et al., studied the chronological 

histology associated with the purified beta-tricalcium phosphate (P-TCP) implanted in the rat 

femoral condyle. They harvested the specimens on days 4, 7, 14, 28 and 56 after 

implantation. The results showed that P-TCP was resorbed in a chronological manner. 

Although new bone was not observed on day 4, new bone formation presented after day 7. 

After day 28, the implanted region was replaced with bone marrow. They conclude that P-

TCP has a good biocompatibility since both bioresorption and bone formation started at an 

early stage after implantation (Figure 2.1) [Kondoa et al., 2005]. In general the cement 

undergoes resorption and remodeling, that was apparent as fragmentation with vascular 

invasion and bone ingrowth into the material [Lieberman et al., 2005]. A number of 

hydroxyapatite and calcium phosphate cements also have been biomechanically tested 

[Schnettler et al., 2004; Lieberman et al., 2005]. In vitro, most of these cements are able to 

restore mechanical integrity to the vertebral body [Lieberman et al., 2005]. Currently 

available calcium phosphate (CaP) bone substitutes show a variety of compositions and 

properties. Among them inorganic CaPs are frequently used [Schnettler et al., 2004]. 

2.4.1 CPBCs system 

Self-setting calcium phosphate cements are essential constituents of tetracalcium phosphate 

(Te-CP) and tricalcium phosphates TCP (a- or p-TCP) [Brown and Chow 1985]. TCP is an 

important biodegradable ceramic material and has been subjected to intensive studies. TCP 

can form three polymorphs: p-TCP below 1180°C, cc-TCP between 1180 and 1430°C, and a'-

TCP above 1430°C [Miao et al., 2005]. These calcium phosphate cements could be divided 

into three types based on the difference in main constituents. For the self-setting apatite 

cement developed by Brown and Chow [Brown and Chow 1985], an alkaline calcium 

phosphate of Te-CP is the essential constituent, to which a low basic calcium phosphate such 

as dicalcium phosphate dihydrate (DCPD) [Doi et al., 2001], dicalcium phosphate anhydrous 

(DCPA), octacalcium phosphate (OCP), or TCP is added [Brown and Chow 1985; Doi et al., 

2001]. This cement sets when it is mixed with water or diluted phosphoric acid as the cement 

constituents convert to an apatitic phase. In the second type of calcium phosphate cement, a-

TCP is used as an essential constituent and DCPD is added to this phase [Ginebra et al., 
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1997; Miao et al., 2005]. This cement also sets when it is mixed with water. In the third type, 

P-TCP and monocalcium phosphate monohydrate are used as essential constituents and 

calcium sulfate hemihydrate and P-TCP are added to these phases [Mirtchi et al., 1989]. 

Although this cement sets when mixed with water, the reaction product is not an apatitic 

phase but DCPD [Mirtchi et al., 1989], in great contrast to the former two types of cements, 

for which the reaction product is an apatitic phase [Doi et al., 2001]. 

Although the reaction of CPBCs setting is exothermic, it is less than PMMA polymerization 

(554J/g) [Baroud et al., 2004]. Besides, they possess longer handling time in comparison 

with the PMMA bone cements [Baroud et al., 2004]. Thus, CPBCs seem to be an interesting 

alternative to acrylic cement. 

However, the main drawback is that most of the currently CPBCs are poorly injectable 

[Baroud et al., 2004]. Towards the improvement of the CPBCs setting time, mechanical 

properties and injectability, many researches have been conducted during the last 20 years 

[Baroud et al., 2004; Burguera et al., 2006; Fernandez et al., 1999; Gburecka et al., 2003; 

Ginebra et al., 1997; Knaack et al., 1998; Ratier et al., 2001; Yamamoto et al., 1998]. 
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Figure 2.1 Chronological histology for samples harvested after (A) Day 4: no new bone 

formation, (B) Day 7: Bone formation occurred in the peripheral region of p-TCP, (C) Day 

14: Bone formation also occurred in the central region, and there were many blood vessels 

between P-TCP particles, (D) Day 28: The region of P- TCP implant was replaced with bone 

marrow and (E) Day 56: Most of the implanted p-TCP was replaced by bone marrow, and the 

amount of bone formation declined. TCP: tricalcium phosphate, Bar: 500um [Kondoa et al, 

2005. Reproduced with permission from Elsevier as a licensed content publisher]. 
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2.4.2 InjectabilityofCPBCs 

CPBCs are thought to be poorly injectable [Gbureck et al., 2002]. However, quite few types 

of cement are injectable according to their inventors and producers. This discrepancy stems 

from the fact that the injectability of the cement is not clearly defined [Sarda et al., 2001]. 

Extrudate mass or volume percentage concept 

Khairoun et al'. (1998) investigated the injectability of a cement paste by measuring the 

percentage of a paste that could be extruded from a syringe fitted with a needle. They 

characterized a bad injectability by the occurrence of phase separation between the solid and 

the liquid that resulted in plugging, and hence partial extrusion. On studying the effect of the 

rheological properties on the injectability of CPBC, Sarda et al. (2001) approximated the 

injectability properties of the apatitic bone cement extruded by a commercial syringe (Ico) at 

15 mm/min crosshead speed using a Universal Testing Machine (MTS-Bionex). The 

extrusion process started at 1.5 min after mixing and stopped when the maximum injection 

force detected during the process reached 100N. The author reported the injectability as a 

weight loss percentage between the extrudate and the remained paste inside the syringe 

[Sarda et al , 2001]. Elena et al. (2005) measured the injectability of the Calcium phosphate 

bone cement (CPBC) as the paste mass extruded from the syringe divided by the original 

paste mass inside the syringe. In the same context, Gbureck et al. (2004) studied the effect of 

the Ionic modification of calcium phosphate cement viscosity on the hypodermic injection. 

The cement was extruded through a hypodermic needle (19G) that attached to 10-mL syringe 

using a mechanical testing machine (Zwick 1440) at a cross-head speed of 20 mm/min and a 

maximum force of 300 N. This force was selected since this was determined to be the 

maximum force that could be applied manually. The amount of cement remaining within the 

syringe was weighed and the injectability was calculated according to the following equation: 

injectability % = (mass of cement paste injected through needle / original mass of cement 

paste in syringe) xl00 [Barralet et al., 2004; Gbureck et al., 2004]. 
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Wang et al. (2005) studied the effect of additives on the rheological properties and 

injectability of calcium phosphate bone substitute material. The injectability of the calcium 

phosphate bone substitute materials was tested with a syringe connected to a needle. The 

inner diameter of the needle was 1.6 mm. The as-prepared paste was poured into the syringe 

and a 1 kg compressive load was mounted vertically on top of the plunger. Then, two 

minutes later, the volume of the paste expelled from the syringe was measured and the 

injectability was calculated using this formula: injectability % = (paste volume expelled from 

the syringe/total paste volume before injecting) [Wang et al., 2005]. 

Also, Ginebra et al. (2001) determined the injectability coefficient as the percentage by 

weight of the amount of the calcium phosphate paste that could be extruded from the syringe 

with respect to the total mass of the cement introduced in the syringe. According to these 

authors the more cement could be extruded, the more injectable the cement was [Ginebra et 

al.,2001]. 

Injection force concept 

Some other authors defined the injectability regarding to the force required to inject the paste 

through the syringe and the cannula. Ratire et al. (2004) measured the force applied to move 

an 8cm column of cement through a 3 mm diameter polyethylene catheter by using a TA-

XT2 Texture Analyser. Leroux et al. (1999) used an apparatus consisting of a syringe with a 

catheter (diameter of 3 mm), and a tee connector leading to a manometer. The injection 

pressure was indicated by the manometer when the cement column moved. According to the 

authors, the cement that has lower injection force is more injectable [Leroux et al., 1999]. 

Homogeneity of the extrudate 

Bohner and Baroud [Bohner and Baroud, 2005] critically reviewed the status of injectability 

of calcium phosphate (CaP) pastes. They concluded that the discrepancies in the results 

obtained by different researchers are due in part to the absence of a standard methodology for 

measuring or quantifying injectability. In addition, they suggested that the injectability of a 
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paste should be defined by its capacity to stay homogeneous during injection. The authors 

noticed that a separation between the liquid and the solid phases of the paste occurs when 

pressure is applied to inject the paste through a cannula [Bonner and Baroud, 2005]. 

Liquid phase separation 

Bohner and Baroud (2005) supposed that there are two competitive phenomena occurring 

during the injection of CaP paste through a needle: paste flow and filtering. If the pressure 

required to filter the liquid through the cement particles is lower than that is required to inject 

the paste, phase separation occurs. This phenomenon is often referred to as "filterpressing". 

During filtration, particles are packed on the filter while the liquid flows through the particles 

and the filter. The packed particles form a dense layer called "cake" whose thickness, 

increases with time. The authors provided a theoretical model describing this phenomenon. 

Bridgwater et al. (1999) studied also the non-uniform liquid distribution of the paste in a 

syringe during the extrusion process. According to these authors, the application of stress 

may cause the liquid component of a paste to move through the solid matrix. Small changes 

in liquid content can lead to significant changes in flow behavior and product properties. 

They found that, there are three distinct regions inside the syringe including an inner region 

along the axis and also an outer region near the syringe wall where there is lower moisture 

content. At the wall itself, a very thin layer of liquid is believed to exist. These are separated 

by a third region, an annulus of higher moisture content. The results showed that the moisture 

content of the barrel paste and the extrudate decreases as the extrusion process proceeds 

[Bridgwater et al., 1999]. 

The development of flow instabilities during the capillary flow of two concentrated 

suspensions filled with 76.5 and 65.6 %(v/v) powders was investigated by Yaras et al. 

(1994). The flow instabilities manifested themselves by the development of concentration 

gradients as a result of the filtering of the liquid phase which superimposed on the bulk 

motion of the suspension. The mechanism of the flow instabilities was suggested to be based 

on the time-periodic mat formation-filtering and mat break-up as schematically shown in 

Figure 2.2. The authors considered a case where the suspension is flowing under steady state 
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conditions, lubricated at the wall by a slip layer, corresponding: to stage (a) in Figure 2.2. 

Upon the blocking of the nozzle entrance by some of the solid particles, the flow of the 

suspension ceases in spite of the continuing mechanical displacement of the suspension in the 

reservoir and results in the building of pressure. In the mean time, the pressure drop across 

the length of the reservoir and the capillary acts as a driving force for the liquid to percolate. 

This filtration corresponds to stage (b) in Figure 2.2. As the liquid at the bottom of the 

reservoir filters out and the suspension becomes locally even more concentrated in solids, the 

force on the plunger (which is moving at constant linear velocity) increases further. When the 

plunger force is sufficiently high, the mat is broken and pushed out of the nozzle resulting in 

the precipitous drop in the plunger force, corresponding to stage (c) in Figure 2.2 [Yaras et 

al., 1994]. 

In order to provide an adequate solution for the limited injectability of the CPBCs, the 

powder production, powder characteristics, paste characteristics and the available delivery 

systems should be clearly investigated. 

Steady Flow Mat Formation at t<, Mat Cleared at t' 

\|f Volumetric flow rate <]/ Binder filters out 

[a] [b] [c] 

Figure 2.2 Schematic diagram of periodic mat formation, filtering of the liquid and mat break 

up [Yaras et al., 1994. Reproduced with permission from Springer as a licensed content 

publisher]. 
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2.5 Powder process 

2.5.1 Calcination and milling 

In a study conducted by Camire et al. (2005), the influence of prolonged milling of a-TCP on 

the enthalpy changes as well as by isothermal calorimetry during cement setting with a 2.5 % 

Na2HP04 solution was investigated. Two a-TCP batches were produced from mixtures of 

calcium carbonate (Merck, Germany, Art 102076) and dicalcium phosphate at a 2:1 molar 

ratio. The material went through a heating cycle characterized by a calcination at 900 °C for 

one hour, followed by a de-agglomeration step (with a pestle and a mortar until all particles 

passed a 0.5 mm sieve), and a final calcination at 1350 °C for four hours. As a-TCP is a 

high-temperature phase metastable at room temperature, the powder was removed from the 

furnace at 1200°C and quenched in air. These batches were grinded in a planetary mill 

(Pulverisette 5, Fritsch, Germany) using Zr02 spheres (weight: 3 g each). 100 g of powder 

were milled with 100 spheres at 400 rpm. The milling times were 3, 7, 15, 30, and 45 min for 

the first batch, and 15, 30, 75, 150, and 225 min for the second batch, in turn resulting in a-

TCP powders of distinctly different characteristics from the same sources of a-TCP [Camire 

et al., 2005; Bohner et al., 2006]. The results showed that milling a-TCP powder had a 

profound influence on its reactivity with water. This effect was not only due to a change of 

particle size or specific surface area, but mostly due to the formation of an amorphous phase, 

which recrystallizes at 400 °C to form P-TCP. Moreover, they suggested that milling can be 

used to increase the reactivity of a-TCP powder, and hence obtain faster-setting calcium 

phosphate cements [Camire et al., 2005]. 

In the same direction, Gbureck et al. (2003), showed that prolonged high-energy ball milling 

of P -tricalcium phosphate (P-TCP), led to mechanically induced phase transformation from 

the crystalline to the amorphous state. The process increased the thermodynamic solubility of 

the p-TCP compared to the unmilled material by up to nine times and accelerated the 

normally slow reaction with water. By using a 2.5 % Na2HP04 solution setting times were 

reduced to 5-16 min rather than hours and cements with compressive strengths of over 50 

MPa could be produced [Gbureck et al., 2003]. 
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According to Miao et al. (2005), a-TCP powder was prepared from B-TCP powder via high 

temperature phase transformation and subsequent quenching. Specifically, P-TCP powder 

was packed in a platinum crucible and placed in an electric furnace. The firing schedule was 

as follows: heating at a rate of 5°C /min from the room temperature to 1400 °C, dwelling at 

1400 °C for two hours, cooling down to 1150 °C at a rate of 5 °C/min, and finally air-

quenching to room temperature. By milling with a planetary ball mill, a-TCP powder was 

obtained and kept in a drying cabinet to prevent possible hydrolysis of the a-TCP powder 

[Miao etal., 2005]. 

The milling time was found to affect the rheological properties as well [Baroud et al., 2005]. 

The use of extended milling resulted in a higher yield stress. For example, the suspension 

formed by the CaP powders milled for 10 and 30 min displayed yield stress values of 99 and 

172 Pa, respectively [Baroud et al., 2005]. 

2.5.2 Plasma treatment 

As a new synthesis process, suspension plasma spraying (SPS), based on the use of radio 

frequency (RF) plasma technology was first introduced by Bouyer et al. (1997). The SPS 

route is by far the simplest, thus eliminating some steps that risk potential contamination of 

the powders. The whole in-flight process under plasma conditions (atomization, drying, 

melting, and consolidation) takes place in no more than milliseconds [Bouyer et al., 1997]. 

The objective of SPS is to prepare dense and spherical powders from a suspension of fine 

(<10 urn) or even ultrafine (<100 nm) powders. Plasma, often called a fourth state of matter, 

is an ionized gas comprised of molecules, atoms, ions, electrons, and photons. Once the 

ionized gases conduct electricity, the electrical energy is transferred to heat energy by the 

resistance offered by the gases. The temperature at which the plasma is achieved lies between 

5000 K and 10000 K; thus, it is commonly called thermal plasma [Reddy and Antony, 2003]. 

Among the advantages of thermal plasma processing are a clean reaction atmosphere that is 

required to produce high purity materials, high enthalpy to enhance the reaction kinetics by 

several order of magnitude, and a steep temperature gradient that enables rapid quenching 

and generation of fine powder [Reddy and Antony 2003]. 
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The Suspension Induction Plasma Spraying (SIPS) has been used for the synthesis of a wide 

range of powder of metals and ceramics. SIPS processing has been widely used as a 

spheroidiozation technique as well (Figure 2.3), which makes use of the thermal plasma as an 

efficient high-temperature (T>8000 K) energy source. In a study conducted to synthesis 

spheroidized hydroxyapatite (HA) powders using a radio frequency (rf) inductively coupled 

plasma (ICP) torch, the XRD indicated that HA, and a-TCP, TTCP as well as CaO were 

detected in the spheroidized powders [Xu et al., 2005]. As another advantage, a bimodal 

distribution of the powder can be obtained through SIPS as shown in Figure 2.3. Normally, 

the plasma spheroidized CPBCs have good flowability and bioactivity [Xu et al., 2005]. 

Figure 2.3 Morphologies of: (a) HA feedstock for RF plasma processing; (b) spheroidized 

HA powders under SEM; (e) cross-section of spheroidized powders under SEM; and (f) 

particle size distribution of spheroidized powders [Xu et al , 2005. Reproduced with 

permission from Elsevier as a licensed content publisher]. 
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2.6 Power characteristics 

2.6.1 X-ray crystallography 

X-ray diffraction is one of the most important characterization tools used in solid-state 

chemistry and material science. It is suitable to determine the composition of different 

minerals and has been used in two main areas: the fingerprint characterization of crystalline 

materials [Schnettler et al., 2004] and the determination of their structure. Each crystalline 

solid has its unique characteristic X-ray powder pattern which may be used as a "fingerprint" 

for its identification. Once the material has been identified, X-ray crystallography may be 

used to determine its structure, crystalline state, interatomic distance and angle [Schnettler et 

al., 2004]. 

Ginebra et al. (2004) demonstrated the effect of the powder particle size on the kinetics of the 

setting reaction. Two cement powders with different particle sizes were obtained with the 

milling of a cement powder consisting of 85 % a-TCP and 15 % (3-TCP for two different 

lengths of time (30 and 360 min). The liquid phase consisted of a 2.5 wt% aqueous solution 

of disodium hydrogen phosphate, NaiHPC^. The liquid-to-powder ratio used was 0.32 mL/g. 

The evolution of the XRD diagrams with time showed that the cement setting was the 

consequence of a hydrolysis reaction. The a-TCP was gradually transformed into CDHA, 

while (3-TCP remained unreacted. The XRD diagrams showed that the disappearance of the 

a-TCP and the simultaneous formation of CDHA were much faster in the fine cement than in 

the coarse one. Thus, in the fine cement, the presence of an apatitic phase could be clearly 

detected already after two hours, and it was already the predominant phase after eight hours. 

In contrast, in the coarse cement, CDHA was hardly detected after two hours and after eight 

hours its presence was scarce (Figure 2.4). Although the kinetics of the reaction was 

different, the transformation of the a-TCP into CDHA was complete in the two cements 

studied. Moreover, it was observed that the CDHA formed in the fine cement had a lower 

crystallinity than that formed in the coarse cement, as indicated by the lower intensity and 

widening of the XRD peaks [Ginebra et al., 2004]. 
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Figure 2.4 XRD diagrams of the two cements studied after different reaction times [Ginebra 

et al., 2004. Reproduced with permission from Elsevier as a licensed content publisher]. 
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2.6.2 Particle size and distribution 

Accurately determining particle size has become essential in many industries, as it is a 

fundamental physical characteristic that must be selected, monitored, and controlled from the 

raw material source to the finished product. There is an optimum particle size, or at least a 

smallest and largest acceptable size, for most items involving particles. Therefore, there are 

some studies conducted to address the influence of the particle size and its distribution on the 

cement properties [Baroud et al., 2005; Greenwood et al., 1998; Olhero and Ferreira 2004; 

Sadler and Sim 1991]. Also, the particle size distribution will be important in determining the 

permeability (Figure 2.5) [Yu et al., 1999]. If the permeability of the packed particles bed is 

high and the liquid viscosity is low, conditions for the liquid to move forward faster than the 

solid particles will be promoted, and consequently the filter pressing [Yu et al., 1999]. 

Authors [Bayfield et al., 1998] reported that phase migration is determined by the rheology 

of the liquid phase, powder properties (notably particle size distribution) and the extrusion 

conditions. 

Figure 2.5 The fine particles fill the pore among large particles, hence reducing the 

permeability. 

One way to reduce the cement viscosity is to decrease the powder content but this not always 

feasible, since adding more liquid will dilute the suspension below the necessary strength 

[Sadler and Sim, 1991]. Another way to lower the viscosity is to add dispersants to reduce 

interparticle attractive forces that lead to higher consistency behaviour [Baroud et al, 2005]. 

A third way to reduce the cement viscosity is to optimize the particle size distribution (PSD) 

[Baroud et al., 2005; Sadler and Sim, 1991]. 
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The basic idea is to use two, three, or more populations of particles of different diameters. 

These populations are often referred to as Uni-, Bi-, Tri- and Tetra-modal suspensions. 

Through the literature, it is clear that, by far, the most significant reduction is achieved by 

using a bimodal system. The recommended successive diameter ratio is 7 with five being the 

minimum [Olhero and Ferreira, 2004]. 

Greenwood et al. (1998) confirmed that a reduction in the viscosity as well as other 

rheological improvement was observed for suspensions that contain bimodal powder 

distributions. The authors suggested that at a diameter ratio of 4.76, a minimum viscosity can 

be achieved in a bimodal colloidal suspension with a composition of 0.15-0.20 small 

particles by volume [Greenwood et al., 1998]. 

Baroud et al. (2005) observed the same effect of the bimodal distribution on both the 

viscosity and the rheological properties [Baroud et al., 2005]. In their study, a bimodal 

distribution was obtained by milling original powder for 3 min. The bimodal distribution 

system showed lower viscosity and yield stress. The uni-modal distributions with finer 

powder were obtained at longer milling time. Both the viscosity and the yield stress increased 

as a function of the milling time. Milling the powder for 30 min altered the particle size 

distribution and considerably reduced the volume and number of large particles and increased 

that of the small particles in the new distribution which resulted in an increase of the 

viscosity [Baroud et al., 2005]. 

The increase of suspension's viscosity due to the addition of fine particles will impose some 

practical limitations in terms of volume fraction of fine powders that can be added [Olhero 

and Ferreira, 2004]. The effect of particle size, particle size distribution and milling time on 

the rheological behaviour of silica suspensions was investigated by Olhero and Ferreira 

(2004). Different proportions of colloidal fumed silica powders were added to three silica 

powders with different average particle sizes (2.2, 6.5 and 19 urn) and the mixtures were 

ball-milled for different time periods. The results showed that for given solids loading, the 

viscosity (shear stress) of the suspensions increases with increasing the amount of the fine 

component. On the other hand, increasing the size ratio enhanced the shear thinning character 
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of the suspensions, while decreasing the size ratio led to an accentuation of the shear 

thickening behavior [Olhero and Ferreira, 2004]. 

The particle size will affect not only the cement rheological characteristics, but also the 

hydration rate and the setting characteristics of the cement [Bohner et al., 2006; Brunner et 

al., 2007; Ginebra et al., 2004;]. The reduction of the particle size produces a substantial 

decrease of the setting time and accelerates the hardening of the cement without significantly 

affecting the final strength attained [Ginebra et al., 2004]. Also, the reactivity of TCP-based 

apatite CPC varies as a function of TCP crystal phase, crystallinity and particle size. 

Generally, a higher reactivity is observed with a thermodynamically less stable phase (from 

(3-TCP to a-TCP and amorphous TCP) and with a smaller particle size [Bohner et al., 2006; 

Brunner et al., 2007]. 

2.7 Calcium phosphate paste characteristics 

2.7.1 Rheological properties 

The rheological properties such as the yield stress and viscosity play an important role in the 

process of cement delivery and infiltration into the cancellous bone cavities [Baroud et al., 

2005]. Liu et al. (2006) studied the properties of the concentrate aqueous injectable calcium 

phosphate cement slurry. According to the authors, the CPC slurry presented viscoplasticity 

and thixotropy [Liu et al., 2006]. At the low-strain and low frequency range, the CPC slurry 

exhibited yield behavior, and presented the property of shear thinning [Liu et al., 2006]. 

A very thin layer of liquid is believed to exist at the wall during the injectability process [Yu 

et al., 1999]. The influence of the wall slip due to this layer on the yield stress and 

viscoelastic measurements of cement paste was studied by Saaka et al. (2001). They used a 

rotational rheometer with smooth-walled concentric cylinders and a vane for the rheological 

measurements. The results showed that the concentric cylinders suffer from slip during yield 

stress measurements due to the formation of a water-rich layer at the walls of the cylinders. 

The use of a vane eliminates slip since shearing occurs within the material. Oscillatory tests 
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were conducted to measure the viscoelastic properties of cement paste. The results indicate 

that a slip layer develops when the shear stress approaches the yield point and suggest that 

slip is not prevalent in measurements below the yield stress of cement paste [Saaka et al., 

2001]. 

Baroud et al. examined the effects of the liquid-to-powder ratio, milling of powder particles, 

and additives (xanthan and sodium polyacrylate (SPA)) on the rheological properties of a 

non-setting p-TCP suspension. Adding xanthan to the medium or extending milling time 

increased the yield stress significantly. However, adding SPA, even at a small concentration 

such as 0.5% and 1%, diminished the yield stress of the reference suspension. The effect of 

the two examined additives on the suspension viscosity was found to be very similar to that 

on the yield stress [Baroud et al., 2005]. Also, reducing the LPR from 50% to 40% increased 

the yield stress from 44 to 138 Pa [Baroud et al., 2005]. 

According to Gbureck et al. (2005) the rheological properties of calcium phosphate cement 

pastes are similar to fresh Portland cement, determined by the particle size and distribution of 

the components, the powder-to-liquid-ratio, and the surface charge of the particles in contact 

with the liquid phase [Gbureck et al., 2005]. The authors demonstrated the effect of adding 

13-33 wt% of several fine-particle-sized (dso of 0.5-1.1 urn) fillers [dicalcium phosphate 

anhydrous (DCPA), titanium dioxide (TiC^), and calcium carbonate] to the uni-modal a-TCP 

matrix (dso=9.8 urn) on the cement rheological properties. They concluded that optimization 

of interparticle spacing by use of an inert filler can yield significant strength improvements 

and viscosity reduction [Gbureck et al., 2005]. 

Other researchers used the additives to enhance the rheological properties of the CPBCs 

[Ginebra et al., 2001; Wang et al., 2006]. It has been shown, by Ginebra et al., that it is 

possible to incorporate some polymeric drugs in calcium phosphate cement, which not only 

give it some pharmacological properties, but also allow simultaneous improvement in both 

its mechanical and rheological properties. However, the kinetics of the setting reaction of the 

cement was slowed down by the addition of the poly (4-HMA) [Ginebra et al., 2001]. 
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In the same context, the influence of additives, such as disodium hydrogen phosphate, 

polyethylene glycol (PEG), glycerin, and citric acid, on the rheological properties and 

injectability of the calcium phosphate bone substitute material was investigated [Wang et al., 

2006]. Wang et al. (2006) suggested that the injectable calcium phosphate bone substitute 

material with satisfied fluidity and injectability for clinical operation can be prepared by 

optimizing the additives and their concentrations, according to different clinical 

requirements. For instance, the injectability and the setting time can be augmented by the 

addition of disodium phosphate solution to the paste but reduced by the addition of PEG 200, 

glycerin, or citric acid to the paste [Wang et al , 2006]. 

Attention should be given to the adverse effect of adding additives on the cohesion properties 

of the CaP paste [Bohner et al., 2006]. The authors studied the ability of the hydraulic paste 

to harden in an aqueous medium. They emphasised that poor cohesion properties could result 

in paste disintegration and failure of cement hardening [Bohner et al., 2006]. Moreover, the 

use of the hydrogels such as xanthan could initially enhance the paste properties however; 

they swell as they get in contact with an aqueous medium and gradually loss their cohesion 

properties [Bohner et al., 2006]. 

2.7.2 Plastic limit 

Plastic limit (PL) was defined as the minimum amount of liquid that had to be added to a 

powder to form a paste [Bohner and Baroud, 2005]. Bohner and Baroud (2005) expressed the 

PL in milliliters per gram. The authors measured the PL of the calcium phosphate pastes by 

weighing one gram of P-TCP powder in a glass beaker. Then, 0.2-mL of solution was added 

to the powder and the mixture was kneaded with a spatula until a homogeneous mixture was 

obtained. Additional solution was added dropwise. After each drop, the mixture was 

kneaded. When the mixture stuck together, hence forming a single pasty block the beaker 

weight was then determined and the water content at this point was reported as the PL. 

According to ASTM, Designation: D 4318, which introduced a test method for the soil 

plastic limit (PL), PL is the water content percentage of a soil at the boundary between the 

plastic and semi-solid states. The plastic limit is determined by alternately pressing a small 
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portion of plastic soil together and rolling into a 3.2 mm (1/8 in.) diameter thread until its 

water content is reduced to a point at which the thread crumbles and can no longer be pressed 

together and re-rolled. The water content of the soil at this point is reported as the plastic 

limit [ASTM Designation: D 4318]. 

On studying the injectability of calcium phosphate pastes, Bohner and Baroud (2005) 

emphasized that a decrease of the particle size, an increase of the liquid-to-powder ratio and a 

decrease of plastic limit contribute to a better injectability. The authors investigated the 

influence of a range of parameters on the PL. An increase of PL was generally associated 

with a decrease of the average particle size, due to the increased surface area to wet. Also, a 

broader particle size distribution was also expected to decrease PL, because small particles 

can fill the pores between larger particles. More generally, a multimodal particle size 

distribution, where the size ratio between the diameters of adjacent size fraction is V2, is the 

most efficient way to minimize the PL [Sadler and Sim, 1991]. Finally, a decrease of the 

particle interactions, e.g., via citrate ions, decreased PL [Bohner and Baroud, 2005]. 

2.7.3 Zeta potential £ 

When a particle is immersed in a fluid, a range of processes causes the interface to become 

electrically charged. Some of the most commonly found charging mechanisms include 

adsorption of charged surfactants to the particle surface, loss of ions from the solid crystal 

lattice and ionization of surface groups. As a result, the ions in the liquid with a charge 

opposed to that of the particle charge (the counter ions) will be drawn towards the particle. 

Immediately near the surface, a monolayer composed of such ions develops, forming a 

narrow double layer with the particle surface (the stern layer) [van Oss 1994; Hiemenz and 

Rajagopalan, 1997]. The experimentally determined potential measured in the double layer 

near the charged surface is called zeta potential (Q [Hiemenz and Rajagopalan, 1997]. 

Outside this layer, the concentration of the counter ions gradually decreases towards the bulk 

in the fluid; these counter-ions make up the diffuse double layer as shown schematically in 

(Figure 2.6). The interface charge cannot be measured directly, but only via the electrical 

field it creates around the particle. Thus, the surface charge is normally characterized in 
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terms of a voltage at the particle surface, the surface potential, rather than a charge density, 

although one can usually be calculated from the other. The zeta potential occurs at a distance 

from the surface and this will be different to the surface potential. 

Equally charged particles repel each other electrostatically. The net repulsion force will 

depend on the surface charge and the screening effect of the double layer [Hiemenz and 

Rajagopalan, 1997; van Oss, 1994]. 

There is another repulsion force which can be created, when a polymer layer is present at the 

surface of the particle. This is so-called polymeric (steric) repulsion. The interaction potential 

for attraction force (van der Waals), and both electrostatic and polymeric repulsion can be 

seen in Figure 2.7 [Hiemenz and Rajagopalan, 1997]. 
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Figure 2.6 Distribution of ions around a charged particle (dashed line separate Stern layer 

from the diffuse double layer). 
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Figure 2.7 Schematic diagram of interaction potential versus separation distance incase of the 

polymeric effect. 
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Zeta potentials of different calcium phosphates, like dicalcium phosphate anhydride (DPCA) 

,tetracalcium phosphate (TTCP) and hydroxyapatite were measured in various 

organic/aqueous media with different pH values by Gbureck et al., [Gbureck et al., 2002]. 

The authors reported a strong dependency of the zeta potential on the kind of suspension 

medium used. The zeta potential of the surface increases from about -15 to -18 mV in water 

and from -35 to -45 mV in 0.05 mol/L sodium phosphate solution [Gbureck et al., 2002]. A 

liquefying effect for calcium phosphate cement pastes is obtained by efficient dispersion of 

particle agglomerates due to electrostatic repulsion of particles. Dispersion can be achieved 

by modification of the liquid phase with trisodium citrate, which adsorbs onto surfaces of 

both cement components and reaction products leading to a high C, potential and hence 

repulsion [Gbureck et al., 2004]. This could be an effective method to improve the 

injectability of the CPBCs [Gbureck et al., 2003]. Gbureck et al., reported that cement 

consisting of tetracalcium phosphate (TTCP) and monetite (DCPA) mixed with water up to a 

powder:liquid ratio (P:L) of 3.3 g/mL had an injectability of 60%. The use of 500 mm 

trisodium citrate solution instead of water decreased the viscosity of the cement paste to a 

point, where complete injectability (>95%) through an 800 mm diameter hypodermic needle 

could be achieved at low loads. The liquefying effect of sodium citrate was thought to derive 

from a strong increase in the surface charge of both the reactants and the products as 

determined by zeta-potential measurement [Gbureck et al., 2003]. 

In a later study, Barralet et al., showed that a significant improvement of the injectability, the 

mechanical properties and the setting time of brushite cement could be achieved by the use of 

sodium citrate or citric acid [Barralet et al., 2004]. 

2.7.4 Contact angle and surface energy 

Wettability appears as an important powder characteristic, which may play a role in the paste 

flow. The wetting of solid surfaces by liquids depends on physical chemeistry, statistical 

physices (such as pinning of the contact line), long-rang forces (such as van der Waals, 

double layers) and fluid dynamics [de Gennes, 1985]. 
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Except for solid surfaces in vacuum, all surfaces are actually interfaces between gas, solid, 

and liquid phases. Solid surfaces are classified as "high-energy" and "low-energy" surfaces 

according to compaction of the molecules making up the bulk phase. For example, silicon 

and steel are high-energy surfaces with surface tensions of 1240 and 1560 mNm" , 

respectively. Polyethylene and polytetrafluoroethylene (PTFE, Teflon) are low-energy 

surfaces with surface tensions of 30 and 18 mNm"1, respectively. The surface energy is a 

determining factor in the wetting of surfaces. The magnitude of the solid-liquid interfacial 

tension, i.e., the interactive force across the interface, depends on the compaction of the 

molecules as well as on their shape, polarity, chemical composition, and molecular 

configuration [Lu et al., 2005]. 

Surface energy, defined as the amount of energy per area required to reversibly create an 

infinitesimally small unit surface, is an important surface property of a material [Peker et al., 

2008; van Oss, 1994]. Surface free energy (solid) or surface tension (liquid) is considered to 

be a resulting balance between the molecular interactions of the liquid-liquid and air-liquid or 

solid-solid and air-solid phase at the interfacial layers [Peker et al , 2008; van Oss, 1994]. 

Almost all interfacial phenomena are influenced by forces that have their origin in atomic 

and molecular level interaction due to the induced or the permanent polarities created in the 

molecules by the electric fields of neighboring molecules or due to the instantaneous dipoles 

caused by the positions of the electrons around the nuclei [Hiemenz and Rajagopalan, 1997; 

Peker et al., 2008; van Oss, 1994]. These forces consist of three major categories known as 

Keesom interactions (permanent dipole/permanent dipole interactions), Debye interactions 

(permanent dipole/induced dipole interactions), and London interactions (induced 

dipole/induced dipole interactions). These three forces are known collectively as the van der 

Waals interactions and play a major role in determining material properties and behavior 

important in colloid and surface chemistry [Hiemenz and Rajagopalan, 1997; van Oss, 1994]. 

Of the three forces mentioned above, London force (also often called dispersion force) is 

always present (like the gravitational force) because it does not require the existence of 

permanent polarity or charge-induced polarity in the molecules [Hiemenz and Rajagopalan, 

1997]. 
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Both surface tension and surface energy play an important role in a variety of industrial areas 

to determine the efficiency of wetting, the extent of cleaning, the stability of a particle 

dispersion, and the ease of spreading of any formulations or even the segregation or 

agglomeration of powder mixtures [Goedeken and Tong, 1993; Peker et al., 2008; van Oss, 

1994]. Although there is a direct measurement methods of liquids surface tension, methods 

for direct measurement of the solid surface energy are not readily available [Zhuang et al., 

2009]. 

Among the different indirect approaches for determination of solid surface energies, the 

contact angle method is believed to be the simplest and hence a widely used approach 

[Zhuang et al., 2009]. Contact angle is a convenient and useful parameter to determine the 

surface free energy and wettability of any given solid surface due to the non-deformability of 

the solid. According to the definition, the contact angle is read from the angle formed 

between substrate surface where a liquid droplet is placed and the tangent to the drop surface 

from the 3-phase point. The contact angle measurement is a useful and precise empirical 

technique to determine the interaction between a liquid and a substrate [Goedeken and Tong, 

1993; Peker et al., 2008; van Oss, 1994]. 

Based on Young's equation (2-1), various methods have been developed to derive the surface 

energy of an ideal, rigid, flat, and chemically homogeneous solid surface from contact angles 

of several liquids. 

ru=r>-ri-cos(0) (2-1) 

As it can be seen, the surface energy of the solid (Js) depends on the interfacial tension 

solid/liquid (^sl), the surface tension of the liquid {J1) and the contact angle (^). 

The surface energy component approach is often used, when the surface energy of a solid or 

a liquid is expressed as a sum of a dispersive surface energy and polar surface energy. The 

dispersive surface energy results from molecular interaction due to London forces, while the 
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polar surface energy comprises all other interactions due to non-London forces [Zhuang et 

al, 2009]. 

2.8 Injection process 

2.8.1 Process parameters 

Yu et al. (1999) found that decreasing extrusion rate increases the significance of liquid 

seepage out of the paste because there is more time for liquid to move. The authors found 

that the moisture content of the extrudate get reduced at low barrel velocities [Yu et al., 

1999]. 

Bayfield et al. (1998), studied the liquid phase migration in the extrusion of icing sugar 

pastes. Inspection of the paste core remaining in the barrel (syringe) after these tests 

indicated that an extended static zone of drier paste (greater solids fraction) had built up at 

the die entry (syringe nozzle) in experiments performed at low velocities, but not at the 

higher velocities. These observations were consistent with significant phase migration 

occurring at low velocities [Bayfield et al., 1998]. The change in the extrusion behavior is 

thought to arise due to the difference in rates of liquid phase migration and paste flow 

through the die entry zone (nozzle of the syringe). As an element of paste passes through the 

die entry zone, the stress gradient causes solid rearrangement and movement of the liquid 

phase towards the die land (distal tip). If the residence time of the paste in this zone is long 

enough such that liquid redistribution leads to the formation of a drier layer (cake formation), 

the static zone will grow. At larger velocities, the residence time of the paste through the 

nozzle is shorter than any characteristic time for significant phase migration to occur 

[Bayfield et al., 1998]. 

Rough et al. (2002) developed a model describing liquid phase separation by extruding some 

concentrated pastes. The authors took in consideration the effect of the extrusion velocity, 

and the die (cannula) geometry. Two extremes ram velocities of 0.0333 mm/s and 0.833 

mm/s were investigated. For the higher velocity, the experimental profile did not show an 
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overall increase in the pressure during the extrusion, which signifies minimal water 

redistribution within the paste, due to the low relative velocity of the water with respect to 

the solid matrix. The authors suggested that the minor deviations from the steady state 

extrusion pressure value are due to local paste inhomogeneities, such as usually 

agglomerations and air bubbles [Rough et al., 2002]. For the lower velocity, water migration 

during the compacting stage allows the paste at the bottom of the syringe to become fully or 

partially saturated, and hence the extrusion of this softer paste results initially in lower 

extrusion pressures. Since the paste is losing water out through the extrudate, the paste 

remaining upstream becomes drier, and so the extrusion pressure steadily increases [Rough et 

al, 2002]. 

The cannula geometry has an effect on the filter pressing phenomena too. The same authors 

[Rough et al., 2002] studied the effect of cannula (die) length on the phase separation. 

Cannula (die) length was ranging from 3 mm to 48 mm at constant ram velocity of 0.0833 

mm/s. From their results, one can conclude that there is relatively little effect of die land 

length on the amount of water migration occurring in the system studied in their work 

[Rough etal., 2002]. 

According to Bradley et al. (2004), the extent of the filter pressing is seen to be highly 

dependent upon the diameter of the cannula. The smaller the diameter of the cannula, the 

more phase separation is observed [Bradley et al., 2004]. 

2.8.2 Modeling 

Beside the experimental work, some of the literatures exhibit some theoretical models which 

describe the injectability process [Bohner and Baroud, 2005; Baroud et al., 2004; Bradley et 

al., 2004; Rough et al., 2002; Bayfield et al, 1998]. Some authors extract their models from 

the pressure balance equation ignoring the biomechanics existing. Others described their 

models according to the mass conservation law. 

Bohner and Baroud [Bohner and Baroud, 2005], extract a theoretical model based on an 

existed model for a similar application [Ring, 1996]. Ring, studied the dewatering 
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phenomena associated with the die casting of ceramics suspension. In both drain and solid 

casting, the mold is filled with a ceramic suspension, and a combination of hydrostatic 

pressure and capillary suction dewaters the ceramic suspension adjacent to the mold. The 

authors emphasised that in the slip casting there are two resistances to flow: the cake and the 

mold and thus it is similar to filtration. Bohner and Baroud (2005) build their approach on 

dividing the injectability process into two processes; the first which is the injection through 

the needle and can be represented by Hagen-Poiseuille relationship; 

Q = AP,7rD" 
\2SxpLn 

Where Q, is the flow rate through a cylinder, in this case a needle, AP, is the pressure drop 

that has to be applied on the fluid to obtain a flow rate, jup is the viscosity of the fluid, Dn is 

the diameter of the cannula (or needle) and Ln is the length of the cannula (it is assumed that 

the pressure drop in the syringe bulk is negligible compared to the pressure drop in the 

cannula). 

The second process is the filtration. During filtration, particles are packed on the filter while 

the liquid flows through the particles and the filter. The packed particles form a dense layer 

called "cake" whose thickness, th, increases with time (t). From the Darcy law, the cake 

thickness, th, can be written as 

th1 = 
( kAPc ^ 

t 

where em is the void fraction of the cake, k is the ratio of the solid volume fraction of the cake 

divided by the solid volume fraction of the filtrate (see also below), ac is the resistance of the 

cake, am is the resistance of the filter, t is the time, APC is the pressure drop through the cake 

and pLi is the viscosity of the liquid. For cement injection, there is no filter, so the resistance of 

the filter, am = 0. 
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According to the authors, the applied pressure, APC, is equal to the pressure used to inject the 

cement paste, APj, therefore the two equations were combined and with some modifications 

they put the following model; 

th1 = 

Where 

rde
2^-f(PL,LPR)^Q\, 

v 150;r A. J 

(\ + PiPL)(LPR-PL) 

where de is the particle diameter, ps is the theoretical solid density. The plastic limit is PL and 

the liquid-to-powder-ratio is LPR [Bohner and Baroud 2005]. 

Another model was given by Rough et al. (2002) according to the force required to extrude 

paste through the syringe and the cannula; 

r r deformation ' " deformation ~ r * friction 

D, = 2 (a- 0 + a V ,n )ln —5_ + 4 (r o + p V " ) 
D D 

The authors postulated that the deformation work involved in changing the material's shape 

can be described by a term involving a shear rate dependent yield stress (ao+ aV); in the 

cannula, the paste was assumed to exhibit slip flow at velocity V. The paste was considered 

to move through the cannula in plug flow, where (xo+pV) is the wall slip shear stress. Do and 

D are the syringe and cannula diameters, respectively, and L is the length of the cannula. 

A modification of this analysis allows these individual pressure terms to be predicted as a 

function of local paste water content for a given ram gradient, G, is defined as: 

G=dP_ = _d_\p (W\+P (W)] +\p (W)] 
dX dX " f"c"on V ' deformation \" /lsyrmge L jnchon \ /Cannula 

7TT syringe cannula 
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The authors suggested that the gradient G barrel should be used as an indication of the rate of 

dewatering that occurs once extrusion has concerned [Bayfield et al., 1998; Rough et al., 

2002]. 

Another simple model was applied by J. Bradley et al. (2004). In this model, liquid migration 

was estimated by comparing the rate of paste flow through the dies (Vp), and the rate of 

liquid drainage from the solid structure (VL). According to the authors, the (Vp) could be 

found through the law of mass conservation. The (VL) was described by Darcy's law: 

V =-™ 
L a 

JUOZ 

By integrating this equation along the axial direction of the syringe, z: 

v =J£ .V =J£ 
rl_S j ' yL _C j 

Where, Ls and Lc are the length of the syringe and the cannula, respectively. Pi, P2, and P3 

are the field pressure at the plunger level, the cannula entry and the bottom of the cannula, 

respectively. The pressure drop could be calculated from the following equations [Bradley et 

al.,2004]: 

P2-P3=4(T0+{1V")^ 

2.8.3 Delivery systems 

According to Tague et al., A device having an injection helical screw drivable for axial 

movement within an extrusion cylinder will enable enough pressure to inject the bone cement 

and adhere it to the site [Figure 2.8] [Tague et al., 2003; Tague et al., 2004]. By rotating the 
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handle (see number 36 in Figure 2.11), the helical screw 26 will axially advance and push the 

bone cement that is loaded inside the barrel that has a place 16 [Figure 2.8]. 

16 

K ' l ' . ' . M V . v ' . « , > . < . \ < . v ' . - . v \ V < , « . ' . « , M . \ * » . ' . « . m M * M ^ \ T T 7 
116 

Figure 2.8 Delivery device for bone cements [Tague et al., 2003; Tague et al., 2004]. 

Mixing while injecting is an advantage associated by using such system [Keller, 2002; 

Strecker, 2004]. Strecker invented a dispensing apparatus (Figure 2.9) that is able to deliver a 

liquid product consisting of two components. These two component reservoirs, numbers 104 

and 105, are delivered via the first and second input channels 232 and 236. These two 

channels are disposed so that interaction is hindered between the first component liquid and 

the second component liquid in either input channel [Strecke, 2004]. 

Pneumatic agitation could be used to inject granule size bone substitute [Kuslich et al., 

2003]. Kuslich et al. (2003) make up the idea that the reservoir could be subjected to 

vibratory energy that encourages the bead pack to flow into hollow, tubular injection cylinder 

(Figure 2.10). Pneumatic forces then cause the injection cylinder to oscillate along its 

longitudinal axis, while the beads are gently pushed into the cavity by a combination of 

friction forces against the cylinder walls and the pull of gravity [Kuslich et al., 2003]. 
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Figure 2.9 Mixing rotary positive displacement pump for micro dispensing [Strecke, 2004]. 

Figure 2.10 Device for inserting fill material particles into body cavities [Kuslich et al., 

2003]. 
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2.9 Ultrasonication 

Sound waves are mechanical vibrations in a solid or fluid. Ultrasound is the same, but at a 

frequency higher than the range audible to humans [Brockelsby, 1963]. The lowest ultrasonic 

frequency is normally taken as 20 kHz (20,000 cycles per second). There are two types of the 

ultrasound: low power ultrasonics that are used in medical imaging and non-destructive 

testing and high power ultrasonics that are used in many diverse industrial processes such as 

ultrasonic cleaning, ultrasonic cutting, ultrasonic machining, ultrasonic metal-forming, 

ultrasonic metal-welding, ultrasonic plastic-welding, ultrasonic sieving, ultrasonic sintering, 

and sonochemistry. Typically, ultrasonic vibration at high power densities is used to produce 

a physical or chemical change in material. Any chemical reaction is likely to be affected by 

extremes of pressure and temperature, even if they are highly localized. Depending on the 

circumstances, high power ultrasonics can have different effects (or sometimes no useful 

effect) on a process, like heat generation, cavitation, friction and stress. [Brockelsby, 1963; 

Lynnworth, 1975; Shoh, 1975]. High power applications tend to use frequencies at the low 

end of the spectrum (i.e., from 20 kHz to about 100 kHz) with typical amplitudes ranging 

from about 5 to 50 microns (0.005 to 0.05 mm) [Brockelsby, 1963; Shoh, 1975]. Conversely, 

higher frequencies tend to be used in measuring applications because the shorter wavelength 

offers greater accuracy [Brockelsby, 1963; Lynnworth, 1975; Shoh, 1975]. 

In liquids, the effective agent is often cavitation, which causes emulsification and dispersion 

[Caupin and Herbert, 2006; Sauter et al., 2008]. When sonicating liquids, the sound waves 

that propagate into the liquid media result in alternating high-pressure (compression) and 

low-pressure (rarefaction) cycles. This applies mechanical stress on the attracting 

electrostatic forces (e.g., van der Waals forces) [Sauter et al., 2008; Suneel et a l , 2009]. High 

pressure, temperature variations and shock waves are involved in the cavitation process as 

well. This makes ultrasonics an effective and most often utilized means for the powder 

dispersing and deagglomerating without chemical additives [Caupin and Herbert 2006; Ring, 

1996; Sauter et al., 2008; Suneel et al., 2009]. 
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Mayer et al. (2002), showed that the dynamic of powder dispersion depends on both the 

amplitude of the ultrasonic vibration and the absorbed ultrasonic energy [Mayer et al., 2002]. 

Moreover, the authors reported that the most pronounced influence of the ultrasonic 

amplitude on the dynamic of dispersion is found at low absorbed ultrasonic energies [Mayer 

etal., 2002]. 

Ultrasonic equipments mainly consist of ultrasonic processors and transducers. The 

ultrasonic processor converts main electrical power to the frequency, voltage and current 

required by the ultrasonic system. The transducer (or converter) converts electrical power to 

mechanical as vibrations. It is a tuned system, resonant at the operating frequency 

[Ensminger, 2008]. Piezo-electric elements are the heart of the transducer. As a voltage is 

applied, they expand and contract along the axis of the transducer. There are three classes of 

materials that exhibiting piezoelectric characteristics; ceramic materials, single crystals and 

polymeric materials [Ensminger, 2008]. The ability of a piezoelectric material to exchange 

electrical energy for mechanical energy or vice versa is represented in terms of the 

electromechanical coupling coefficient (k). The effectiveness of the conversion of 

mechanical to electrical energy and vice versa can be assessed by k: 

The Energy conversion efficiency (k2) = Wmechanicai(out)/Weiectncai(in) = We(out)/Wm(in) 

Also, the mechanical strain (e) produced by an electric field E (V/m) can be calculated 

according to the following equation; 

s = d (m/V) * E (V/m) 

where (d) is piezoelectric strain (or charge) constant in (m/V) and is defined as the ratio of 

strain developed along or around a specified axis to the field applied parallel to a specified 

axis when all external stresses are constant. 

Moreover, the mechanical stress (a) produced by an electric field E (V/m) can be calculated 

as follows; 

a (N/m2)= E (V/m)/g (Vm/N) 

46 



CHAPTER 2 Literature survey 

Where, (g) is the piezoelectric stress (or voltage) constant in (Vm/N). It is defined as the ratio 

of field developed along a specified axis to the stress applied along or around a specified axis 

when all other external stresses are constant. 
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3.1 Abstract 

Calcium phosphate (CaP) cements are being increasingly used for minimally invasive hard 

tissue implantation. Possible approaches to improve the bad injectability of hydraulic calcium 

phosphate pastes were discussed and investigated in some recent scientific articles. However, 

the mechanism leading to the limited injectability has not been addressed yet. The goal of 

this article was to remedy to this situation by looking at the phase migration occurring during 

the injection of a paste from a syringe through a cannula. Experimentally, it was seen that the 

liquid content of both the syringe paste and the extrudate decreased during the paste 

injection. Moreover, a high extrusion velocity, small syringe size, short cannula, and high 

liquid-to-powder-ratio LPR favored a good injectability. These results could be partly 

explained in light of rheological measurements performed with the investigated paste. 
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3.2 Introduction 

CaP cements are being increasingly used in minimally invasive interventions to treat fragility 

fractures [1]. This is due to a number of interesting properties. Namely, their structure and 

composition resemble human bones, resulting in good biocompatibility and 

osteoconductivity [2]. In addition, they set practically isothermally compared to acrylic 

cements [3]. However, they have some critical drawbacks. One of them is their poor ability 

to be injected through a thin long cannula attached to a syringe, such as in minimally 

invasive clinical application [4,5,6]. 

Injectability of these cements has been discussed recently in some articles [Table 3-1]. There 

seem to be an agreement on the difficulty of injecting cements. However, there is presently 

no common understanding on the meaning of "injectability". In most research works, 

injectability has been related to the viscosity of the CaP cement or in other words to the 

injection force required to deliver the cement paste, regardless of its quality or homogeneity 

[5,6,7,8]. A recent study conducted by Bohner and Baroud [4] introduced the concept of filter 

pressing. Namely, the pressure applied to the cement paste provokes a phase separation after 

a certain injection time: the liquid comes out without the particles. However, neither the 

location nor the mechanism of the filter pressing phenomenon was examined. In this study, 

we focused on the mechanism underlying the limited injectability of CaP cements. First, the 

uniformity of the extruded cement was studied over the course of the injection to gain a 

better understanding of the separation forces. In addition, several process parameters, such as 

LPR, plastic limit (PL), delivery rate and geometry were investigated. These examinations 

were done in the light of the filter-pressing phenomenon. These results were then compared 

to force and rheological measurements to understand better the interactions between injection 

forces, rheological properties and filter pressing. 

Instead of using a typical CaP cement suspension, we use a p-tricalcium phosphate (P-TCP) 

suspension in this study. The main difference between the two is that the CaP suspension sets 

or cures whereas the P-TCP suspension does not. 
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Table 3-1 Articles with focus on injectability 

IWP: Injected weight percentage, IVP: Injected volume percentage. 

Parameters studied 

Auther 
How injectability 

was studied LPR Rheology PSD Additives Process 
parameter 

Comments 

M.Bohnerand 
G.Baroud [4] 

L. Leroux et al. [5 ] 

A. Ratier et a l . m 

1. Khairoun et al. t6 ] 

C. Liu et al. [9 ] 

U. Gbureck et al. [10] 

X.Wang e t a l . m 

J. Barralet et al. [11] 

M. Ginebra et al. [12] 

U. Gbureck etal. [13 ] 

E. Burguera I14] 

G.Baroud et al.[3] 

IWP 

injection pressure 

Injection force 

IWP 

IWP 

IVP 

IWP 

IWP 

IWP 

IWP 

IVP 

V 

V 

V 

V 

V 

V V 

V Polymeric 

Polymeric 

Polymeric 

Polymeric 

Polymeric 

Ionic 

Ionic 

Ionic 

Ionic 

Ionic 

Ionic 

Ionic 

Ionic 

Cannula dia.& 
extrusion speed 

Time after 
mixing 

Analytical model 
was developed 

Analytical model 
was examined 

51 



CHAPTER 3 Mechanisms underlying the limited injectability of hydraulic calcium-phosphate paste 

Due to the setting process, the rheological properties of CaP cements are transient and 

constantly changing. Combined with this, is the complication that the injection process may 

destroy the evolving structure and thereby affect the measurements. Consequently, the results 

obtained are difficult to interpret. 

In contrast, the advantage of the P-TCP suspension is that it allows removing the complex 

curing process and to focus on the properties that are important for injectability. This is 

especially true since the ideal CaP cement should not react during the injection period. 

Another advantage is that since P-TCP does not cure, it has a much longer handling time in 

which experiments can be conducted without time constraints. Additionally, the results 

obtained are more reproducible. 

3.3 Materials and Methods 

Powders characterization 

P-tricalcium phosphate (P -TCP; Ca3 (P04)2; Fluka No. 21218) was used as a model powder 

to investigate the injectability of CaP cements. The P -TCP powder selected here has similar 

physical properties compared to P-TCP and a-TCP powders commonly used for CaP 

cements. As a result, the hydraulic pastes obtained by mixing this specific p -TCP powder 

with an aqueous solution has similar rheological properties as those of most CaP cement 

formulations except that the paste does not harden over time. Powders were characterized by 

various advanced techniques. The particle morphology was examined by Scanning Electron 

Microscopy-SEM (JSM-840-A JEOL). Particle size distribution (PSD) was determined by 

laser granulometry (Matersizer 2000, Malvern). For that purpose, powders were dispersed in 

iso-propanol with a 0.1% from sodium pyrophosphate. Specific surface area was measured 

with surface area analyzers (Autosorb-1, Quantachrome) following the Brunauer, Emett and 

Teller theory (BET) [Hiemenz and Rajagopalan, 1997]. The crystalline composition of the 

powders was determined by X-ray diffraction. The measurements were done on an X'pert 

Pro MRD (Panalytical) powder diffractometer using a monochromatic source (Cu Kal, X = 

1.5405980 A, 45 kV, 40 mA) in the following conditions: scan range: 29 = 5°-70°, scan 
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speed: 0.020 °/s, scan step: 0.020°). The different phases present in the powders were 

checked by means of JCPDS (Joint Committee on Powder Diffraction Standards) references 

patterns (P-TCP: JCPDF 9-169; a-TCP: JCPDF 29-359; HAP: JCPDF 9-432; TTCP : JCPDF 

25-1137; CaO: JCPDF 37-1497). 

The plastic limit (PL) was determined according to the procedure described by Bohner and 

Baroud [4]. In it, the plastic limit is obtained by measuring the minimum amount of liquid 

that has to be added to a powder to form a paste. PL is expressed in milliliters per gram. 

The rheological tests were conducted by using a TA rheometer (TA instrument). Ionized 

water was used as an aqueous medium to make the suspension. Three different LPR values 

were used (40, 50, and 65 Wt %). After one minute of mixing, the suspension was transferred 

immediately into the rheometer concentric geometry. Each sample was subjected to flow 

procedure with a shear-rate peak hold. Shear rate was held at different values starting form 

0.002 [1/s] to 100 [1/s]. At each hold value of the shear rates, both viscosity and shear stress 

values were collected. Curves were plotted for the viscosity and the shear stress versus the 

shear rate. 

Injectability test 

The powder-aqueous solution mixtures were mixed by hand for 1 minute to form a paste, and 

then transferred into a syringe connected to a cannula. As such, the liquid was added to the 

powder in a plastic beaker and stirred by hand approximately once per second until the 

mixture became homogenous. A hydraulic press was used to inject the paste through both the 

syringe and the cannula. The force required to inject the paste and the extrudate percentage 

were measured at fixed feed rates. The injectability represented by the extrudate volume 

fraction was assessed in terms of particle size distribution, particle shape, LPR, injection rate, 

syringe size (5, 10, and 20-mL) and with or without cannula. Extruded paste samples were 

taken every 30 seconds and the LPR were measured and compared with LPR of the initial 

paste to examine the extrudate homogeneity. The paste remaining within the syringe was 

carefully cut with a sharp knife across the axis into a number of sections each one was 5 mm 

long. The resultant samples were then weighed and dried at 150°C. The samples were kept in 
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the oven until constant weight was reached. The weights before and after drying allowed the 

determination of the moisture content of the samples. The experimental set up used to 

determine the paste injectability is represented in Figure 3.1. The experimental parameters 

are summarized in Table 3-2. 

Syringe 

Cannula 

X, F 

Figure 3.1 Injectability experiment set up with (F) Injection force for a displacement X, 

(Numbers are specifying sampling location of the remained samples inside the syringe as will 

be shown in Fig. 8) 
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Table 3-2 Injectability experiments parameters 

Parameters 

LPR [%] 

Feed rate [cm/min] 

Syringe size [ml] 

Experimental 

37, 40, 50,60 

1.27,2.54,25.4 

5,10,20 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 

d(A) 

Figure 3.2 XRD diagrams (1) and SEM photograph (2) of P-TCP 
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3.4 Results 

Figure 3.2 presents the X-ray diffraction diagrams and the scanning electron microscopy 

picture of the CaP powder. The powder consists in crystalline (3-TCP with randomly 

distributed shapes. The particles sizes were mono-modally distributed with mean diameters 

do.5 = 6.3 um, as shown in Figure 3.3. The plastic limit was 0.327 (±0.006) mL/g. 

We report the rheology results as they enhanced our understanding of the injectability. CaP 

paste showed shear-thinning behavior with a yield stress. Both the shear viscosity and the 

yield stress depended strongly on LPR. Specifically, the yield stresses were around 66 (±2) 

Pa, 19 (±2) Pa, and 8 (±0) Pa for 40%, 50%, and 65% LPR suspensions, respectively (Figure 

3.4(a) arrows). For the three studied LPRs, the viscosity rapidly dropped with an increase of 

shear rate to a level below 10 Pa»s (Figure 3.4 (b)) 

The injectability of the hydraulic paste powder seemed poor. For the 40%> LPR paste, only 

62%±3 of the paste initially present in the 10-mL syringe could be injected with a reasonable 

force. Thereafter, the remaining paste in the syringe was not amendable to injection (Figure 

3.5). 

Examining both the extruded paste and the paste remaining in the syringe provided a deeper 

understanding on the mechanism underlying the injectability drop. Namely, on studying the 

LPR of the extrudate samples taken every 30s, it was found that the extruded paste had a 

significantly higher LPR than that of the original paste (Figure 3.6). Specifically, this effect 

was in the range of a few LPR percents and most visible for a low LPR ratio such as a 37% 

LPR. Further, by studying the LPR of the paste remaining in the syringe, which was not 

amendable for injection (Figure 3.7), a shortage of water content was measured. The LPR of 

the slices taken perpendicular to the principal direction of extrusion were smaller than the 

LPR of the initial paste. For instance, the LPR of the non-injectable fraction of the 40% LPR 

paste ranged from 32% to 34% (Figure 3.7). It is worthy to mention that this small change in 

the LPR inside the syringe (from 40% to 32%) can convert the paste from a paste to a wet 

powder (plastic limit = 32.7% or 0.327mL/g). 
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Figure 3.3 Size distribution in number (left scale) and in volume (right scale) of P-TCP. 
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Figure 3.4 Rheological results showing (a) Zero shear stress (arrows) decreases with 

increasing the LPR. (b) Shear thinning behavior of the CaP pastes 
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The LPR greatly affected the paste injectability, or in other words the extrudate volume 

fraction. A fully injectable paste was obtained using a 60% LPR. A significant drop in 

injectability was noticed for LPRs lower than 45% (Figure 3.8). Inversely, the extrusion force 

was greatly increased by a decrease of the paste LPR (Figure 3.8). 

Beside composition, process parameters also affected injectability. Namely, increasing the 

extrusion rate (high velocity) led to a better injectability. On using high feed rate (25.4 

cm/min) and a 10-mL syringe attached to a cannula, the extrudate volume fraction reached 

79% (±4), while it had reached 62% (±1) by using a smaller feed rate of 1.27 cm/min for the 

40% LPR paste (Table 3-3). The same trend was observed for the 50% LPR paste. The 

volume fraction that can be extruded was 91% (± 2) by using a 1.27 cm/min feed rate. This 

ratio increased to 94% (±1) when using 2.54 cm/min as feed rate. 

The syringe size and the cannula presence slightly affected the extruded volume fraction. A 

small 5-mL syringe size enhanced the injectability by about 5%. Surprisingly, injecting the 

paste without a cannula only improved the injected fraction by 2.5%) (Table 3-3). The 

analysis of variance was done for each parameter as a single factor experiment analysis 

according to Montgomery [21]. 

3.5 Discussion 

The focus of this article was on the injectability of hydraulic CaP pastes. In it, attention was 

paid to the mechanisms underlying the poor injectability of such pastes. In addition to 

examining the force and volume fractions of the extruded paste, several process and powder 

parameters of interest for minimally invasive clinical applications were investigated. 
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Table 3-3 Extruded volume of cement made with CaP powder (p-TCP) and treated powder. 

LPR 

[%] 

37 

40 

45 

50 

60 

65 

50 

50 

50 

50 

50 

50 

50 

50 

40 

40 

40 

p-TCP 

powder 
[%1 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

Treated 
powder 

[%] 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Plastic 
Limit 
[mL/g] 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

• 0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

0.32 

Feed 
rate 

[cm/min] 

1.27 

1.27 

1.27 

1.27 

1.27 

1.27 

1.27 

2.54 

1.27 

1.27 

1.27 

1.27 

1.27 

1.27 

1.27 

2.45 

24.5 

Syringe 
size 

[mL] 

10 

10 

10 

10 

10 

10 

10 

10 

10* 

10** 

20*** 

5 

10 

20 

10 

10 

10 

Extruded 
Volume 

[%1 

42.2±2 

62±2.9 

79±2.5 

89.5±1.5 

100 

100 

89.5±1.5 

94±0.96 

89.5±1.5 

91=1=1.1 

92±0.96 

95±1.01 

89.5±1.5 

90±1.1 

62±2.9 

67±1.09 

78.8±3.8 

Statistical 
analysis 
factor 

a=0.05 

1-(3=0.99 

P<7.24E-13 

a=0.1 

l-p=0.98 

PO.06 

a=0.05 

l-p=0.93 

PO.007 

a=0.05 

l-p=0.99 

PO.001 
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The findings of the article underlined the shift in water concentration of the paste over the 

course of the injection. Namely, excess water was found in the extruded paste (Figure 3.6) 

and deprived water content was found in the paste remaining in the syringe (Figure 3.7), 

suggesting that the liquid phase was partly filtered through the paste particles during 

injection. This phenomenon is known as "filter-pressing" or "phase migration". Though the 

extent of the compositional changes occurring during filter-pressing is small, the rheological 

properties of the paste are very significantly influenced by it. 

This study showed further that the forces required for the paste delivery (Figure 3.8), before 

halt, are very reasonable and can be applied manually by physicians. Only when filter-

pressing occurs does the injection force increase too much for manual injection. In fact, no 

matter how big the forces applied to the plunger beyond that point are, the paste is not 

amendable to injection anymore (Figure 3.5). Accordingly, the force itself can be used to 

predict the point in time for the injection halt but it is not itself a measure for the injectability 

as it has been previously used. Though the mechanistic finding and results are new, this 

phenomenon has been already anticipated by Bohner and Baroud [4]. Further, this 

phenomenon has been partially studied and relevant in other non-medical applications [15, 

16, 17, 18]. Interestingly, water leakage was observed around the gasket of the plunger of the 

syringe as well. It should be emphasized that an increase of LPR was observed to increase 

injectability. This result has been observed in the past and thus is not surprising [19]. 

However, this approach is not a practical solution because not only it results in highly porous 

cements, that are mechanically weak, but also in poorly cohesive pastes [20]. Further, an 

increase of feed rate (2.54 cm/min) enhanced the injectability by 5%, which can be 

anticipated from the shear thinning behavior of the paste. Also, since filter-pressing is time 

dependent, a higher injection velocity does not provide the liquid with enough time to 

migrate and as a result the cake thickness is reduced [4,15,16,17]. Also, shorter injection time 

implies higher feed rate and the lower viscosity, which again enhances the injectability. We 

refer the readers here to the work conducted by Bohner and Baroud [4] for additional 

reading. However, higher feed rate results in a lower window of observation for physicians 

during minimally invasive applications, which may compromise the safety of the patient; 

thus there is a limit how quickly a paste can be delivered. Further, the finding of this study is 
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consistent with the function (equation 19) of Bohner and Baroud [4], in it the injectability 

was defined as a function of both the plastic limit and the liquid-to-powder ratio. The data of 

this study seem to strengthen the validity of this function (Figure 3.9). 

Both the syringe size and the cannula impacted injectability. Smaller syringe increased the 

injectability. This is believed to be due to the change in the geometry of the connection 

between syringe and cannula. Further, shorter cannula reduced the filter pressing and thus a 

higher volume fraction of the paste could be injected. This could be due to the low pressure 

drop attributed to the short length of the cannula, hence reducing the pressure required to 

inject the paste according to Hagen-Poiseuille's law. Surprisingly, full injectability could not 

be reached even when no cannula was used. This implies that filter-pressing occurred even 

for very small forces. Accordingly, a solution might be obtained by reducing the ability of 

the mixing liquid to pass through the powder. Thus, injectability of cement could be 

improved by increasing the viscosity of the mixing liquid or reducing the permeability of the 

powder. The former strategy has been applied extensively in the past, for example by adding 

a soluble polymer (e.g., polysaccharide) into the mixing solution [4-7, 12]. The latter 

strategy has been less documented. Gbureck et al. [13] added different fine powders to an a-

TCP powder, resulting in a large improvement of the paste injectability. Adding a few 

weight% of precipitated hydroxyapatite particles (specific surface area close to 50m2/g) to a 

P-TCP - water paste increased the extruded fraction by a few percents despite a simultaneous 

in exponent increase of the injection force (unpublished data, Marc Bohner). However, as 

the use of bimodal size distribution is known to reduce not only the paste permeability but 

also the plastic limit, it is not clear to what extent the increase of injectability is due to a 

decrease of permeability or a decrease of plastic limit (in both cases, the change of plastic 

limit was not documented). 

3.6 Conclusion 

Liquid phase migration seems to be the mechanism underlying the limited injectability of 

calcium-phosphate biomaterials used in minimally invasive clinical applications to 

strengthen osteoporotic bones. Namely, the forces required to deliver the mineral paste are 
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reasonable until the injection comes to a halt. The older paradigm of the force being 

insufficient to deliver the calcium-phosphate hydraulic paste seems now outdated and the 

new paradigm is that there is excess liquid in the extrudate while the paste remaining in the 

syringe deprives in water. With the new paradigm, new avenues to enhance injectability, 

such as the powder design will be explored in future research activities. 
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4.1 Abstract 

Calcium phosphate cements (CPCs) are of great interest for bone augmentation procedures. 

In it, the hydraulic calcium-phosphate paste is injected through a small bore needle into the 

bone. The injectability of these pastes is relatively poor resulting into a partial injection only. 

In earlier studies, the authors have shown that phase separation causes the halt of the 

injection process. Phase separation is characterized by a faster flow of the liquid than that of 

the solid during paste extrusion. So far, it is unclear whether or not particle separation 

contributes to the poor injectability of such hydraulic pastes. It is hypothesized that fine 

particles behave like a liquid and thus separate under the injection pressure leaving larger 

particles behind. A factorial experimental design has been used to examine this hypothesis. 

The particle size distribution (PSD) of the extrudate has been measured over the course of 

each injection experiment using laser diffraction. The paste solid content was further 

inspected using scanning electron microscopy (SEM). A total of 48 experiments covering 

four factors at two levels each were performed. One factor was the ultrasound exposure 

duration to assure the dispersion quality of the particles during the PSD measurements. 

Another factor was the location of the samples over the course of the injection in order to 

compare between both the extrudate and the in syringe remaining PSDs. The liquid-to-

powder ratio (LPR) of the injected paste was another investigated factor. Specifically, two 

different pastes with 40% and 50% LPR were examined. The dispersing medium as a fourth 

factor was also investigated to ensure adequate dispersion of the particles in the PSD 

measurements. ANOVA analysis showed that sample location did not significantly affect 

PSD. No apparent PSD change of the extruded paste and the paste remaining in the syringe 

could be detected from SEM either. 

In conclusion, the present study did not show any evidence suggesting that particle separation 

occurred over the course of injection, and thus that phase separation remains the main 

phenomenon leading to CPC poor injectability. 

Keywords. Calcium phosphate hydraulic cement, phase separation, bone cement, 

vertebroplasty, injectability 
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4.2 Introduction 

Calcium phosphate cements (CPCs) are increasingly used in bone augmentation procedures 

[1-8] due to their resemblance to human bones, resulting in good biocompatibility and 

osteoconductivity [1, 2]. In addition, CPCs have a slow rate of heat release during setting 

compared to the conventional acrylic bone cements, hence preventing the risk of bone 

necrosis due to heat. However, CPC pastes pose some technical challenges, such as the 

limited injectability and the poor mechanical properties [1-7]. 

The injectabilty of CPC pastes has been investigated in several articles [1-8]. A review of 

these studies has been presented in our earlier articles [7, 8]. In most of these studies, the 

injectability has been related to the injection force required to deliver CPC paste, regardless 

of the paste quality or homogeneity [1-6]. Further, adding both polymeric and ionic additives 

is one approach often used to improve the rheological properties and hence the delivery of 

CPC pastes through a needle [1-6]. 

Bonner et al. [7] were the first to study theoretically the injectability of CPC pastes and to 

relate the concept of filter pressing to the definition of a poor injectability. During filter 

pressing or in a poorly-injectable paste, the pressure applied to the cement paste provokes the 

separation of the liquid and solid phases, eventually plugging the paste injection device. This 

phenomenon is characterized by a higher liquid-to-powder ratio (LPR) in the extrudate 

compared to the initial paste. Neither the location nor the mechanism by which filter-pressing 

occurs, were examined in details. In a subsequent study, Habib et al. [8] paid more attention 

to the evolution of the extruded paste composition to gain a better understanding of the 

separation forces. In addition, several process parameters, such as' LPR, plastic limit (PL), 

delivery rate and geometry were investigated. The results were then correlated with the 

injection force and rheological behavior to have a better understanding of the interactions 

between injection forces, rheological properties and filter pressing [8]. The study indicated 

that liquid and solid phases were constantly separated during the injection course of a poorly-

injectable paste, finally leading to the formation of a non-injectable plug at the plunger side 

of the syringe. Unclear was whether or not particle segregation contributed to filter-pressing. 
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Indeed, since finer particles in a bimodal suspension behave essentially as a fluid [9], size 

segregation might occur during the injection course. The objective of this study was therefore 

to examine this hypothesis. For that purpose, the evolution of the particle size distribution 

(PSD) of the extruded paste was measured over the injection course and compared not only 

to the initial paste PSD but also to the PSD of the paste left inside the syringe after syringe 

plugging. In addition, scanning electron microscopy (SEM) was applied to verify the laser 

diffraction findings. 

4.3 Materials and Methods 

The experiment setup and approach have been established in our previous article [8]. We 

used a model powder (p-TCP; Ca3 (P04)2; Fluka No. 21218, Buchs, Switzerland) (Figure 

4.1), combined with water at two different LPR: 40% and 50% by weight. The injectabihty 

tests were performed using a hydraulic press and a 10-mL syringe (Basik , Denmark) with 

an 8-gauge cannula attached to it. The inner syringe diameter and the inner tip diameter were 

15.4 ±0.2 mm and 1.75±0.1 mm, respectively. The machine crosshead speed was 1.27 

cm/min. In the experiments, the syringe plunger pushed the paste inside the syringe and 

extruded it through the thin cannula attached to the syringe (Figure 4.2). 

Four samples were subsequently taken from the extrudate with a 30-second interval. One 

sample was taken from the paste left inside the syringe (Figure 4.2). For additional details of 

the extrudate sampling procedure, readers are referred to the previous article [8]. 

Further, PSD was examined using a laser diffraction particle size analyzer (Matersizer 2000, 

Malvern). Different types of dispersants and ultrasonic vibration durations were used to 

examine the effect of the measuring method on PSD. Three entities were determined for both 

the number and volume size distribution: D01, D05, and D09 where the subscripts indicate the 

fractions along the cumulative distribution. More specifically, Do 1 corresponds to the point 

along the cumulative distribution at which 10% of the particles are smaller than this value. 
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Figure 4.1 SEM photographs of the original p-TCP 

Syringe-

i , , i 

i i i 
i i i 
i i i 
u . 

CT 

Cannula *> 

Figure 4.2 Injectability experiment set up. Four extruded samples (1-4) were collected at 30-

seconds interval. One sample was collected from the remained paste inside the syringe. 

In total, 4 protocols were adopted to determine the PSD measurements: Protocol no.l 

wherein the water was used as a dispersant and the ultrasonic vibration was applied for 1 
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min; Protocol no.2 wherein the water was used as a dispersant as well but the ultrasonic was 

applied for only 0.5 min; Protocols 3 and 4, wherein the isopropanol was used as a dispersant 

and the ultrasonic vibration was applied for 1 and 0.5 min, respectively. 

The SEM specimens were prepared by using isopropanol as a dispersant and ultrasonic 

application for one minute. Preparing the SEM specimens using isopropanol is easier than 

using water because water takes longer to evaporate from the sample holder giving a chance 

for the particles to re-agglomerate. The purpose of SEM analysis is to verify the PSD results 

obtained with the laser diffraction method, in addition to assess particle shape, size and 

distribution. 

Factorial design 

According to the results of the four measurements protocols, and after choosing the most 

reliable condition for PSD measurement, which was obtained from the first protocol, a 

factorial design with two factors, two levels each was implemented to observe the responses 

Do i, D0 5 and Do 9 with respect to volume and number distribution, as described in Table 4-1. 

The design was repeated three times and had two factors; (A) LPR (40% wt. or 50% wt.), and 

(B) location (inside or outside the syringe). These studies led to a total of 12 experiments 

which were randomly performed as shown in Table 4-2. ANOVA of the three responses were 

used to analyze statistically the data. 
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Table 4-1 22 factorial design of the particle size measurements by laser diffraction. 

Run 

1 

2 

3 

4 

Coded Factor 

A 

-1 

1 

-1 

1 

B 

-1 

-1 

1 

1 

Replicates 

3 

3 

3 

3 

Responses 

(particle 

size) 

Do.i, D0.5, 

Do.9 

Factor Levels 

A (LPR % wt.) 

B (location) 

Low (-1) 

40 

Inside syringe 

High (1) 

50 

Outside syringe 

Table 4-2 The responses (Do i, D0.5, and D0.9) in both volume and number distributions 

Run 
No. 

7 
5 
4 
11 
6 

8 
10 
12 
2 

1 
3 
9 

Exp. 
No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 
11 
12 

Coded Factor 

A B 

Al 1 
A2 -1 
A2 -1 
A2 1 
A2 -1 

Al 1 
A2 1 
A2 1 
Al -1 

Al -1 
Al -1 
Al 1 

Responses 

Do.i 
Vol. No. 

1.091 
1.013 
1.004 
1.075 
1.034 

1.05 
1.069 
1.069 
1.036 

1.022 
1.013 
0.981 

0.413 
0.419 
0.43 
0.417 
0.43 

0.426 
0.418 
0.412 
0.419 

0.417 
0.42 
0.413 

Do.5 

Vol. No. 

3.793 0.588 
3.752 0.609 
3.734 0.646 
3.716 0.603 
3.724 0.634 

3.715 0.621 
3.692 0.606 
4.01 0.594 
3.758 0.608 

3.735 0.599 
3.718 0.609 
3.636 0.588 

D0.9 

Vol. No. 

11.446 
12.703 
12.348 
12.695 
12.24 

12.038 
12.048 
11.828 
12.591 

12.497 
14.43 
12.638 

1.221 
1.292 
1.34 
1.289 
1.346 

1.344 
1.302 
1.26 
1.305 

1.261 
1.308 
1.219 
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4.4 Results 

Figure 4.3 compares the PSD in volume of samples taken from the extrudate every 30 

seconds, numbered from 1 to 4, respectively, to the PSD of the paste left inside the syringe. It 

showed a small variation especially at the D0.5 and D0.9 particle size of the 40% wt. LPR 

paste but with no clear trend. Specifically, the particle size (D0.5 and D0.9) of the samples 

inside the syringe is not always higher or lower than that of extruded samples. This 

observation is also confirmed by the number distribution (Figure 4.4). No relevant variation 

could be detected from the PSD in number especially for the 50% wt. LPR paste (Figure 4.4). 

Variations of Do.i, D0.5 and D0.9 for samples from all locations using all the four protocols of 

measuring the PSD are shown in Figure 4.5. All the particle sizes in terms of Do.i, D0.5, and 

D0.9 are gathered in both Table 4-3 and Table 4-4. 

The statistical analyses of the three responses for the volume and number distributions were 

used to investigate whether the variation in the measurements is significant or whether it is 

just due to the experimental errors. Table 4-5 and Table 4-6 summarise the ANOVA test 

responses Do.i, D0.5 and D0.9 (in number and in volume) for the selected factorial design. A 

value of P lower than 0.01 was considered to be a statistically significant result, while P 

larger than 0.01 indicated no significance. Hence, the effect of the sample location (Factor B) 

was not significant for Do.i, D0.5 and D0.9. More specifically, there was no significant 

difference between Do.i, Do 5 and D0.9 of the paste remaining inside the syringe and the 

extrudate samples. Moreover, the effect of the first factor (LPR) was not significant as well, 

since the P values were greater than 0.01 in Do.i, Do.5 and D0.9 measurements. Again, there 

was no interaction between the two factors (AB) as all the P values were greater than 0.01. 

Figure 4.6 shows a comparison between the SEM images of the samples collected from 

inside the syringe and from the extrudate (sample no.l) at two different magnifications. 

There is also no evidence of particle separation based on the SEM images. 

The extrudate volume fractions were not presented and analyzed since the injectability 

process and its results were consistent with the previous study results [8]. 
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Figure 4.3 Particle size distribution in volume of the extruded samples (1-4) and the inside 

syringe sample by using protocol no.l (a) for 40% wt. LPR paste and (b) 50% wt. LPR paste. 

77 



CHAPTER 4 Mechanisms underlying the limited injectability of hydraulic calcium-phosphate paste: part II Particle separation study 

1 8 ' 

0) 

E 

Size [urn] 

i i 1 1 1 | r r r i i i i i i 

.... ..... 1 

.... ..... 2 

-•-•» - 3 

• •• T •• 4 

—o— Inside 

100 

Size [urn] 

Figure 4.4 Particle size distribution in number of the extruded samples (1-4) and the inside 

syringe sample by using protocol no.l (water as a dispersant, 1 min ultrasonic vibration) for 

40% wt. LPR paste (a) and 50% wt. LPR paste (b) 
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Figure 4.5 Variations of the responses (Do.i, D0.5 and D0.9) for samples collected from all 

locations using the four protocols of measuring the PSD 

79 



CHAPTER 4 Mechanisms underlying the limited injectabibty of hydraulic calcium-phosphate paste part II Particle separation study 

Table 4-3 The responses (Do 1, D0 5 and Do 9) for samples from all locations using the four protocols of measuring the PSD in volume 

Location LPR 

1 40% 

2 40% 

3 40% 

4 40% 

syringe 40% 

1 50% 

2 50% 

3 50% 

4 50% 

Syringe 50% 

Protocol 1 

d0.1 SD d0.5 SD d0.9 SD 

0.902 0.0002 3.695 0.0071 12 475 0.739 

0.890 0.0036 3.788 0 003 16.567 0.2125 

0 822 3E-05 3.805 0.0065 15.483 0.1353 

0.873 0.0026 3.789 0 001 15 339 0.1596 

0 897 0.0015 3.815 0 0047 16.324 0.3373 

1.045 0 0028 3.901 0.0299 12.738 0 0293 

1.062 0.0002 3.831 0.0007 12.256 0.0127 

0.907 4E-05 3.908 2E-05 15 455 0.0042 

1.021 0.0024 3.857 0.0391 13.068 0.1729 

1 001 2E-05 3.780 0.005 12.789 0.3775 

Protocol 2 

d0.1 SD d0.5 SD d0.9 SD 

0.998 2E-05 3.784 0.0005 12.837 0.0156 

1.000 6E-05 3.773 0.0033 12.176 0.0158 

1.008 0.0005 3.593 0.0692 11.320 0.0053 

1001 2E-05 3.770 0.2997 13482 0.2994 

1.003 0.0004 3.791 0.0071 12.901 0.0953 

1076 1E-04 3.927 0 0002 12.706 0.007 

1.019 2E-05 3.738 0.0037 12.163 0 0626 

1.010 4E-05 3.693 0.0022 12.286 0.0193 

1033 0 0008 3.738 0.0028 12.717 0 0301 

0 977 0 0002 3.268 0.0009 11655 0 6321 

Protocol 3 

d0.1 SD d0.5 SD d0.9 SD 

1.147 0.0025 3.888 0.0219 13.285 0.0838 

1.222 0 0077 4.096 0 0446 13.982 0.3561 

1.076 0 0038 3.848 0.013 13.641 0.0504 

1.115 4E-05 3.844 0.0034 13.955 0.0167 

1.285 2E-05 4.275 0.0019 14.577 0.0025 

1.234 3E-05 4 033 0.0038 13.393 4E-05 

1229 3E-05 3.951 0.0031 13262 0.0243 

1.206 0.0041 4.096 0.0041 13.862 0.1821 

1.243 4E-05 4.040 0.0029 13.317 0.0268 

1.209 1E-05 4.055 0 0022 13.990 0 0093 

Protocol 4 

d0.1 SD dO.5 SD d0.9 SD 

1.187 0.0036 4.197 0.0028 14.359 0.2057 

1.195 0.002 4.099 0.0092 13.900 0.3306 

1.197 0.0045 4.057 0 0029 13 875 0.0664 

1.210 0.0028 4.146 0.0084 13.895 0.0199 

1.211 8E-05 4.101 0.0048 14.153 0.0597 

1.332 7E-05 3.992 0.0025 12.453 0.0177 

1.253 3E-05 4.158 0.0015 13.624 0 1699 

1.297 0.0003 4.809 0.0247 14.802 0.0442 

1.271 0.0004 4.239 0.029 14.313 0.0514 

1.226 8E-05 4.255 0.0052 14.762 0.0156 

Table 4-4 The responses (Do 1, Do 5 and Do 9) for samples from all locations using the four protocols of measuring the PSD in number 

Location LPR 

1 40% 

2 40% 

3 40% 

4 40% 

Syringe 40% 
1 50% 

2 50% 
3 50% 

4 50% 

Syringe 50% 

Protocol 1 

Do., SD D„5 SD D„, SD 

0 280 1E-06 0 413 1E-06 0 900 9E-06 

0 269 2E-06 0 387 4E-06 0 809 1E-05 

0 276 3E-05 0 405 2E-04 0 876 0 003 

0 273 3E-05 0 396 2E-04 0 898 3E-07 

0 273 4E-05 0 398 2E-04 0 842 0 003 

0 419 2E-06 0 605 3E-05 1291 7E-04 

0 415 3E-07 0 600 2E-06 1282 1E-04 

0 403 3E-07 0 560 2E-06 1111 4E-05 

0 422 2E-05 0 614 1E-04 1313 8E-04 

0 426 4E-05 0 630 4E-04 1 326 9E-04 

Protocol 2 

Doi SD D05 SD D„., SD 

0 413 0 0 591 3E-07 1287 5E-05 

0 422 6E-05 0 611 4E-04 1278 9E-05 

0 429 3E-07 0 628 4E-06 1 287 5E-05 

0 415 5E-05 0 594 3E-04 1303 1E-04 

0 417 3E-06 0 599 4E-05 1266 0 014 

0 420 3E-07 0 608 3E-07 1 287 5E-05 

0 418 0 0 605 1E-06 1278 9E-05 

0 422 1E-06 0 614 2E-06 1287 5E-05 

0 428 0 0 622 2E-05 1303 1E-04 

0 427 3E-04 0 619 0 002 1266 0 014 

Protocol 3 

Doi SD D„5 SD D09 SD 

0 487 6E-06 0 726 7E-04 1 577 6E-04 

0 488 9E-05 0 730 0 001 1588 0 011 

0 480 2E-05 0 694 6E-05 1 481 6E-05 

0 478 3E-07 0 697 1E-06 1475 4E-06 

0 497 5E-33 0 763 1E-06 1670 6E-06 

0 491 4E-06 0 733 2E-04 1 603 6E-04 

0 495 1E-06 0 749 7E-06 1633 3E-05 

0 481 4E-05 0 710 5E-04 1547 0 007 

0 486 3E-05 0 735 3E-05 1618 3E-04 

0 486 3E-06 0 727 2E-05 1 573 8E-05 

Protocol 4 
Do., SD Do., SD D„., SD 

0 478 5E-05 0 699 6E-04 1 506 0 007 

0 484 8E-05 0 720 8E-04 1 574 0 008 

0 490 1E-06 0 736 4E-06 1607 3E-05 

0 488 8E-06 0 731 4E-05 1597 5E-05 

0 487 7E-06 0 727 3E-05 1571 4E-05 

0 509 1E-05 0 799 6E-05 1791 7E-05 

0 483 7E-06 0 723 5E-05 1 612 3E-04 

0 469 4E-05 0 680 1E-04 1493 8E-04 

0 488 6E-06 0 733 5E-05 1 624 8E-05 

0 480 1E-06 0 709 2E-05 1546 6E-05 
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4.5 Discussion 

In the authors' previous work [8], it was shown that the poor injectability of CPC pastes is 

associated with phase separation. Since small particles may behave as a liquid for large 

particles [9], the question was raised whether particle separation could take place during the 

injection course of CPC pastes. To address this question, a non-setting calcium phosphate 

paste was produced and injected with a syringe. The PSD of the extruded paste was 

determined at 4 time points of the injection and compared to the initial PSD and to the PSD 

of the paste left in the syringe after plugging. SEM analysis was performed to verify PSD 

measurements. 

There are several techniques used to examine PSD, and the one used in this study was the 

laser diffraction technique. This technique faces two different challenges: the presence of 

particle aggregates and the presence of non-spherical particles [10,11]. First, aggregation 

results from attractive interactions between particles, typically van der Waals forces. Smaller 

particles are more prone to aggregation due to stronger van der Waals forces. To destroy 

aggregates, particles are generally dispersed through agitation, ultrasonic vibration, a 

dispersant or a combination of these techniques. The medium in which the particles are 

dispersed is one of the most influential parameter on the PSD measurements [10]. The 

second problem of PSD measurements is related to the particle shape: irregular or non-

spherical particle shapes (e.g., flakes) are difficult to measure by laser diffraction since laser 

scattering depends on the orientation of the particle crossing the light [10,11]. In that case, 

various techniques (e.g., sedimentation, SEM, laser diffraction, etc..) must be used to infer 

the correct PSD. However, since the aim of the present manuscript was not to precisely 

determine PSD but to assess PSD evolution during injection, it is assumed that the laser 

diffraction method is an adequate method. However, due to these two challenges, the 

medium used to disperse the powder as well as the ultrasonic duration were included in the 

factorial design as factors to assess the quality of PSD measurements. 

Specifically, utrasonic vibration for two levels (0.5 and 1 minute), and two different 

dispersing medium (water + 0.02% sodium pyrophosphate versus Isopropanol) as well as the 
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combined effect of these two factors were studied. Figure 3.3 shows the PSD in volume of 

samples gathered from the extrudate and from the paste remaining inside the syringe. The 

minor variation in the PSD measurements could be attributed to the irregular particle shape. 

Both reproducibility and precision of PSD measurements have been the subject of 

investigation in earlier studies [11,12]. In particular, it was found that sequential 

measurements of the same sample were reproducible within one percent, if measured with 

coefficient of variation [12]. Further, the same study showed that the sample-to-sample 

variations were below 5 percent for Do i and below 16 percent for Do 9 [12]. In our study, the 

coefficient of variation was below 0.3 percent for Do 1 and below 7 percent for Do 5 and Do 9, 

respectively (Table 4-4 and Table 4-5). The importance of the dispersing medium on the 

results of PSD measurements has been reported in several articles [10, 11 and 12]. We have 

observed a significant effect of the ultrasound duration due to the dispersing effect of the 

ultrasonic waves (Figure 4.4). Figure 4.5 shows the variation of D01, Do 5 and Do 9 for 

samples from all locations using all the four protocols of measuring the PSD. Again, no trend 

of the measurements variation was observed. 

These results are in agreement with the statistical analyses of the three responses for the 

volume and the number distributions (Table 4-5 and Table 4-6). The effect of the sample 

location (Factor B), which refers to whether or not there is particle separation, was not 

significant in any PSD (Table 5 and 6). The effect of the LPR (factor A) was not significant 

in all cases. 

Table 4-5 ANOVA for the selected factorial design according to the size distribution in volume percent for the 
three responses (D01, D05 and D09). The factors were (A) LPR (40% wt. or 50% wt.) and (B) sample location 
(inside or outside syringe). P is the probability and F represents the ratio of between-groups variations versus 
withtn-group variations. 

Source 
A 
B 

AB 

D0.1 

F P 

0.48 0.5064 
4.35 0.0704 
1.18 0.3086 

D0.5 

F P 

0.65 0.4429 
0.17 0.6877 
0.66 0.4396 

Do 9 

F P 

0.026 0.8751 
2.39 0.1604 
0.24 0.6344 
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SEM analysis was conducted to strengthen the interpretations of the PSD measurements. 

SEM images are 2D images, which cannot be used for accurate PSD measurements 

especially with the irregular shape particles however; it gives a general idea of the 

distribution. Images of samples inside the syringe and from the extrudate are shown in Figure 

4.6 at two different magnifications. No relevant difference in the distribution could be 

observed. Some fine particles were agglomerated on the large particle in the two samples, 

which is normal when dealing with such fine powders. It is important to mention that SEM 

images do not reveal the presence of geometric crystals such as needles or plates, which 

would have been indicative of a hydration reaction of P-TCP powder. So, SEM photos 

support our assumption that there was no significant chemical conversion during PSD 

measurements and hence that only physical interactions occurred during injection. 

Table 4-6 ANOVA results summary for the three responses (D01, D0 5 and D0 9). The factors were A for the LPR 
(40% wt. or 50% wt), B for sample location (inside or outside syringe), and AB is for the interaction among A 
and B. The value P is the probability and F represents the ratio of between-groups versus within-group 
variations. 

Source 
A 
B 

AB 

D0.1 

F P 

0.99 0.3494 
3.95 0.0821 
2.39 0.160 

D0.5 

F P 

2.64 0.1430 
4.66 0.0629 
1.90 0.2057 

D0.9 

F P 

1.36 0.2768 
2.19 0.1604 
0.064 0.8070 

4.6 Conclusion 

The particle size distribution (PSD) of a non-setting and poorly-injectable calcium phosphate 

paste was measured during the course of its injection using laser diffraction measurements 

and SEM analysis that only used for visual inspection and reassurance of the overall finding. 

No relative change in the PSD could be detected for the inside and outside syring samples, 

suggesting that size separation did not occur during injection. Therefore, phase separation 

remains the most important factor leading to the poor injectability of hydraulic calcium 

phosphate paste. 
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CHAPTER5 Permeability measurements and interrelation to the calcium phosphate hydraulic paste injectability 

5.1 Abstract 

Phase separation of calcium phosphate pastes for minimally invasive bone repair procedures 

has been investigated in recent years to improve the uniformity of the cement paste extruded 

into the host bone. An important drawback in this application of the hydraulic paste is that it 

has poor injectability. Specifically, the water of the hydraulic paste separates under the 

delivery pressure leading to excess water in the extruded paste and to water-deprived paste 

within the extrusion device. We have shown that the underlying cause of the poor injectability 

is that the water migrates through the paste and that the paste left becomes not injectable due 

to the filtration process. Bohner et al. (2006) have been the first to introduce this mechanistic 

concept and subsequent experimental studies have shown a great deal of evidence in support 

of Bohner's model. In it, a theoretical relationship between the powder permeability and the 

hydraulic paste injectability was proposed. This study examines this relationship and in 

particular the hypothesis that low permeability value of the powder reduces the migration 

process of the liquid and therefore enhances the injectability. Three different powders of 

variable particle sizes and surface areas, in addition to mixtures of the three powders were 

used to examine the hypothesis. In addition to permeability and injectability responses, the 

powders were among others characterized in terms of particle size, distribution, surface area 

and composition. The three powders used in this study have been the commercially available 

P-TCP, finer P-TCP produced by plasma treatment and finest hydroxyapatite (HA) powders. 

The three powders are nonreactive and thus allowing to focus on the interrelationship of 

permeability and injectability. The powder permeability was measured according to ASTM 

designation C: 204 using an mechatronically assisted Blaine apparatus for objective accurate 

reading of the Blaine time. The air permeability was measured for porosities ranging from 

0.645 to 0.785 to allow for proper compaction of the different powders. The permeability 

values of the coarse p-TCP powder were 4.12E-13 m and 6.35E-13 m for porosities 0.645 

and 0.675, respectively. Permeability of the P-TCP powder decreased by admixing with the 

plasma-treated fine and HA powders. In particular, adding l%wt. and 10%wt. of plasma 

powder to the original p-TCP powder led to permeability values of 4.1279E-13 m and 

88 



CHAPTER5 Permeability measurements and interrelation to the calcium phosphate hydraulic paste injectability 

3.35714E-13 m respectively. The permeability values measured for the HA-powder compared 

to the plasma-treated addition of three percent were 3.93539E-13 m and 3.27129E-13 m for 

a porosity of 0.645, respectively. The interrelationship between permeability and injectability 

shows positive results when the original (3-TCP powder was mixed with small quantities of the 

plasma-treated and HA-powder powders. However, further reduction in the permeability 

values obtained throughout admixing with the fine powders yielded a negative effect. It 

appears that interparticle friction and surface forces are important variables to be considered to 

better understand the mechanism of the hydraulic bone substitute delivery. 

Keywords. Calcium phosphate hydraulic cement, phase separation, vertebroplasty, 

permeability, injectability 
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5.2 Introduction 

Calcium phosphate (CaP) cements are of the great interest for the bone augmentation 

procedure. In this procedure, a cement paste is formed by mixing a calcium phosphate powder 

in a dispersing liquid. The limited injectability of the paste through a thin and long catheter 

remains an important research question. Specifically, the paste being nonuniformly extruded 

leads to a cement paste with excess liquid in the extrudate and thus to nonuniform product. 

In earlier studies, several factors that could affect the uniform injectability of the CaP paste 

have been investigated. [1, 2, 3]. On studying the effect of the liquid-to-powder ratio (LPR), 

Khairoun et al. (1998) have reported that injectability varies inversely with the paste viscosity 

and that it is not always possible to stay in the desired range of strength and setting times by 

varying the LPR, even when the accelerator concentration can be adjusted [1]. Additives have 

been also used to enhance paste injectability [2, 3, 5]. Injectability was improved by adding 

NaG, acid lactic, and glycerol [2]. Adding chitosan slightly improved injectability [2]. Ionic 

modification of the paste by adding trisodium citrate solution was reported to enhance the 

injectability [3]. Ionic modifier improves the surface forces and allows an effective dispersion 

of cement particles. It should be however noted that the approach of using ionic modification 

also decreases the cohesion of the paste and thus reduces the ability of physician to exert 

control on the intraosseous paste filling [3]. 

In the earlier research articles, injectability has been related to the paste viscosity, regardless 

of its quality or homogeneity. There was no mechanistic explanation of the poor injectability 

of the calcium phosphate paste. Bohner and Baroud [4,5] introduced the concept of filter 

pressing in 2006. However, neither the location nor the exact mechanism of the filter pressing 

phenomenon was examined. Habib et al. [6,7] further examined the homogeneity of the 

extruded paste. Specifically, the uniformity of the extruded paste was studied over the course 

of the injection process to better understand the liquid separation process in that excess water 

is found in the extrudate and the paste in the syringe is deprived from water. In addition, 

several process parameters, such as LPR, plastic limit (PL), delivery rate and geometry were 

investigated. The experimental results were further correlated with the delivery forces and 
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rheological behavior to have a better understanding of the interactions between injection 

forces, rheological properties and filter pressing [6]. The liquid phase migration was reported 

to be the mechanism underlying the limited injectability of calcium-phosphate without any 

clear evidence of fine particle separation [6,7]. More specifically, the liquid of the suspension 

separates under pressure leading to a compaction of the powder inside the delivery syringe and 

this leads to a halt of the injection process [6]. This experimental result is consistent with the 

prediction of the theoretical model and early experimental findings of Bohner and Baroud 

published in 2006. 

The powder permeability has not been investigated yet as one potential parameter that may 

affect the paste delivery process. Specifically in the theoretical model of Bohner and Baroud 

[4], two competitive phenomena have been reported. When force is applied to extrude the 

paste, the pressure leads to the flow of the paste but also the same pressure leads to the 

migration of the liquid through the paste porous bed. The flow of the paste is controlled by the 

paste rheological properties. The migration of the liquid through the paste, which can be 

considered as a filtration process is hypothesized to be controlled by the permeability of the 

powder bed. In the filtration process, particles are compacted while the liquid flows through 

the particles. Therefore, it was assumed that the filtration process is governed by Darcy's law 

[4]-

The permeability of a porous material defines the resistance to flow of a fluid through the 

material under the influences of a pressure gradient [14]. 

K=&± (1) 
AAP 

Where; K is the permeability (m ), Q = volumetric flow rate (m /sec); JU= fluid viscosity 

(Pa-s), A is the cross-sectional area of the sample (m2); AP is the pressure drop (Pa) and L is 

the sample length (m). The Darcy's permeability is a phenomenological property that is 

related to the microstructure of the powder, such as porosity, size distribution, particle-specific 

surface area, and particle sphericity [8,9]. From the engineering prospective, these 

microstructural factors were considered in the analytical model through the permeability. On 
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the other hand, the influence of particle size and particle size distribution on the paste 

rheological properties was investigated [5, 10-13] and it was shown that the adequate particle 

size can improve the rheological properties of the paste and therefore can improve 

injectability. 

The hypothesis of this article is that lower permeability reduces the liquid separation process 

so that the pressure required to force the liquid through the paste increases. Thus, the 

segregation process reduces and the paste extrudate becomes more homogenous. 

We investigated three commonly used powders of variable particles size and distributions and 

therefore permeabilities. In addition, some mixtures were used in this study. 

5.3 Materials and Methods 

Powder characterisation 

Three different powders were used in this study: (3-TCP (Fluka No. 21218, Buchs, 

Switzerland), HA (Fluka, Buchs, Switzerland), and [3-TCP powder treated using suspension 

induction plasma synthesis (SIPS). The plasma process is detailed in a former student work 

[15]. The three powders were characterized by various advanced techniques. The particle 

morphology was examined by Scanning Electron Microscopy, SEM (JSM-840-A JEOL). 

XRD was done on a Philips PW1800 diffractometer (Philips, Eindhoven, The Netherlands) 

equipped with a graphite monochromator in the secondary beam. CuKa and a step size of 

0.02° were used to measure from 4.01 to 59.99° 20. Rietveld refinements for quantitative 

phase analysis were done with the computer program FullProf.2k (version 3.40) and an 

experienced analyst. Starting models for the quantitative phases were taken from Stahli et al. 

[16]. Particle size distribution (PSD) was determined by laser granulometry (Matersizer 2000, 

Malvern). Specific surface area was measured with surface area analyzers (Autosorb-1, 

Quantachrome) following the Brunauer, Emett and Teller theory (BET). The plastic limit (PL) 

for all the powders was determined according to the procedure described in the previous 

research work [4,6]. 
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Electronically assisted permeability device 

Powder permeability was measured according to ASTM designation C: 204 [17] known as the 

Blaine method. The Blaine air permeability apparatus consists of essentially of a method of 

drawing a definite quantity of air through a prepared bed of powder of a definite porosity. The 

number and the size of the pores in a prepared bed of the definite porosity is a function of the 

size of the particles and determine the rate of airflow through the bed (Figure 5.1). This 

method involves measuring the time intervals that the manometer liquid (p — 1.048 g/cm3) will 

take to balance the difference of the pressure created by a suction pump. The time interval 

measurements traditionally depends on the observer eyes accuracy to determine the exact 

point of crossing the manometer liquid to both the upper and lower standard indicated levels. 

The apparatus has been modified to insure accurate measurements. Instead of depending on 

the observer eyes, two optical sensors (HPQ-T series, add manufacturer, town and country) 

were installed on the upper and lower liquid levels to detect the manometer liquid presence 

inside the manometer tube. Refractive detection ensures sufficient gain between light-ON and 

dark ON light levels and stable detection. The signals obtained from the two sensors are 

extracted by a data acquisition system (NI USB-6211, national instruments corporation). 

Labview ™ interface (version 8.5, national instruments corporation, Texas, USA) was used to 

extract the Blaine time intervals data from the data acquisition card, which is connected to the 

two sensors. By this modification, the data will be collected electronically and it will avoid 

any subjective observer errors. 
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Figure 5.1 Mechatronically assisted Blaine air-permeability apparatus 
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Permeability test 

The original P-TCP powder was mixed with 0.5, 1, 1.5, 2 and 3 % of HA powder by weight. 

Similarly, P-TCP powder was mixed with 1, 2, 3 and 10 % of plasma-treated powder. The 

permeability of all mixtures was investigated at different porosity values ranged from 0.645 to 

0.785. Three samples were collected from every single powder mixture for the Blaine time 

measurement and tested at each porosity for three repeats to ensure the accuracy of the 

readings. This ends up with nine Blaine time readings for every single powder and mixture at 

each porosity value. The mean value of the Blaine time was used to calculate the powder 

permeability using Darcy's law where (j.air was 18.88 u. Pa-s, the powder bed length is 0.015 m 

and the manometer column height relates to the pressure gradient. 

Injectability test 

The same powders and combinations used in the permeability study were used in the 

injectability tests. The injectability tests were performed using an MTS Bionex 785 and an 8-

gauge cannula attached to a 5-mL syringe with a 1.27 cm/min constant ram speed. All pastes 

had a 40-percent liquid-to-powder ratio. There were three repeats for each powder and 

combination. The injectability of all the combinations was represented by the extrudate 

volume fraction and correlated to f(Pl,LPR). Additional details can be found in Habib et al. 

(2008). 

Factorial design 

A factorial design with three factors; A: weight percentage of the fine powder (0, 1, 2, and 3 

%), B: type of the fine powder (HA and plasma-treated powder), and C: powder porosity 

(6=0.645, 0.66 and 0.675) were used to measure the powder permeability and injectability. 

Each experiment was repeated nine times and this has led to 216 Blaine experiments, which 

were randomly performed, and then ANOVA of the response was implemented. A way from 

this design there were other Blaine experiments carried out for only the three main powders at 

wider range of porosities values than those included in the design as shown in Table 5-2. Since 
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the three different powders used in this study have different particle sizes and different 

specific surface areas (Table 5-1), it was impossible to maintain the same porosities values of 

the fine and coarse powders over the course the Blaine test. However, the case was easier upon 

dealing with mixtures of fine and coarse powders, as described in the design. 

A second design was implemented to address the effect of the weight percentage of the fine 

powder and the type of the fine powder on the injectability. Two factors; A: weight percentage 

of the fine powder (0, 1, 2, and 3 %) and B: type of the fine powder (HA- and plasma-treated 

powder) were included the second design. The second design was repeated for three times 

yielding 24 injectability experiments, then ANOVA of the response was implemented. 

Table 5-1 Specific surface area (BET) and the particle size of all the powder 

P-TCP 
HA 

Plasma treated 

SPA [m2/g] 
5.01E+00 
5.04E+01 
9.45E+00 

d (0.1) 
1.43 

0.284 
1.162 

d (0.5) 
6.441 
2.906 
6.955 

d (0.9) 
20.945 

7.09 
19.133 

Table 5-2 Air Blaine time intervals at different porosities 

e 
0.645 
0.66 
0.675 
0.69 
0.705 
0.76 
0.765 
0.775 
0.78 
0.785 

HA 
Blaine timefs] | STDV 

Not applicable 

1709.03 
1584.60 
1321.28 
1213.40 
1110.08 

31.289 
9.08795 
23.7196 
3.76882 
7.03619 

p-TCP 
Blaine time[s] 

66.79 
53.25 
43.39 
35.71 
24.97 

STDV 
0.965 
0.182 
0.03 
0.498 
0.16. 

Not applicable 

Plasma-treated 
Blaine time[s] STDV 

Not ap>Jjcable 

825.99 
733.58 
585.87 
534.11 
460.15 

4.721 
5.793 
15.59 
7.664 
8.467 
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5.4 Results 

Figure 5.2 shows the SEM pictures of the three powders used in this investigation. The P-TCP 

powder with irregular shape (Figure 5.2a) has been transformed with the plasma treatment into 

the amorphous powder with a spherical shape (Figure 5.2c). HA-powder (Figure 5.2b) consists 

of needlelike nanoparticles. The phase composition of the three powders as determined by 

Rietveld refinement of XRD spectra is presented in Figure 5.3. The effect of the plasma 

treatment on the P-TCP powder is clearly shown through the existence of a large fraction of 

the non-reactive alpha-TCP (74.49% ± 1.26). It should be mentioned that the powders have 

been tested for calorimetry and none of the three particles reacted, despite the presence of a-

TCP, CaO and TeTCP. 

Figure 5.4 shows the particle size distribution in terms of the volume and the number, for the 

three powders being used. The particle size and the specific surface area of the powders 

indicated that HA is the finest powder while p-TCP powder is the coarsest among the three 

powders being used [Table 5-1]. The specific surface area of the HA powder was the largest 

with a value of 5.04E+01 [m7g] and d(0.5) equal to 2.9 urn [Table 5-1]. 

Table 5-2 summarizes the air Blaine time in seconds for HA, P-TCP and the plasma-treated 

powders at different bed porosities. There is a direct relation between the air permeability and 

the porosity of the powder bed. Any increase in the powder bed porosity resulted in a decrease 

of the air Blaine time and consequently an increase of the permeability. Due to the large 

difference in the particle sizes of the powder, the air permeability test could not be performed 

at the same porosities values. Specifically, the nano HA powder has been fluffy and hard to 

compact compared to the other two powders. Low bed porosities were used for the p-TCP 

powder, which also had a low specific surface area. Higher bed porosities were used for the 

fine HA and plasma-treated powder air permeability tests. Both the HA and plasma-powders 

could not be compacted in the permeability cell below 0.76. 
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Figure 5 2 SEM of (a) P-TCP powder, (b) HA powder and (c) plasma-treated powder. 
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B -TCP HA Plasma Treated 

Powder 

Figure 5.3 The phase composition of the three powders as determined by Rietveld refinement 

of XRD spectra. (1) beta-Ca, (2) beta-TCP, (3) HA, (4) alpha-TCP, (5) CaO and (6) te-TCP. 
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Figure 5.4 Particles size distribution of (1) the original P-TCP, (2) HA and (3) plasma-treated 

powders, in volume (a) and in number (b). 
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To assure high accuracy reading, the powder test calibration was done according to the ASTM 

designation C: 204 (Figure 5.5). Correlation coefficients should exceed 0.99 for the correlation 

of Ve3 T versus s on each sample tested and all calibration tests exceeded this correlation 

coefficient. It is worthy to mention that the intersection of this correlation curves with the Y 

axis reveals the constant value that is characteristic of each powder and that is essential to 

further calculate the specific area and Blaine permeability. 

1 

0 .5 -

0.4 

HA 

Plasma treated powder 

FT = 0.9973 

i i i i i i i i i i i i i i i i i i i i 

10 15 

ve3T 

20 

FT = 0.9992 

i i • i i i i 

25 30 

Figure 5.5 Powders calibration curves according to ASTM designation C: 204 

The Blaine permeability was demonstrated as a function of the bed porosity, the fine powder 

percentage and the type of the fine powder (Figure 5.6). The air Blaine time decreased with 

increasing porosity. As a consequence, the air permeability increased with the increase in the 

porosity reaching 6.35E-13 m2 for the coarse (3-TCP powder at s=0.675 (Table 5-3). Adding 

fine particles from the plasma-treated powder to the P-TCP powder increased the Blaine time 

and decreased the mixture permeability at a constant porosity in a direct relation with the fine 

powders percentage being added (K= 5.56E-13 m2 on adding 3% plasma powder to coarse (3-

TCP powder at 8=0.675) (Table 5-3). 
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Figure 5.6 Effect of the bed porosity and HA/plasma treated-powder addition on the 

permeability of the P-TCP powder. 
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Table 5-3 Injectability and air permeability data for all the plasma combinations 

Plasma [% 
0 

1 

2 

3 

10 

Inje. [%] Statistics 

70.75 

80.45 

82.95 

84.54 

76.78 

Seconed 
design 

a =0.05 A 
(F=33 99, P < 

0 0001) 
B (F=66.51, 
P < 0.0001) 

>\B(F=10.94, 
P <0.0004) 

£=0.645 

Blaine T [s] 

66.78 

66.80 

68.36 

70.06 

82.13 

K[m2ri0"13 

4.13 

4.13 

4.03 

3.93 

3.36 

£=0.66 

Blaine T [s] 

53.25 

56.53 

58.90 

59.15 

69.04 

K[m2]*10"13 

5.18 

4.88 

4.68 

4.66 

3.99 

£=0.675 

Blaine T [s] 

43.39 

47.25 

48.00 

49.55 

57.22 

Krm2l*1013 

6.35 

5.84 

5.74 

5.56 

4.82 

Statistics 

First design a =0.05 
A (F=1900.76,P < 0.0001) 
B (F=3463.44,P < 0.0001) 
C <F= 13792.97,P < 0 0001) 
AB(F=53188,P< 0.0001) 
AC (F=16.45,P< 0.0001) 
BC(F=57.74,P< 0.0001) 

ABC (F=18.18,p< 0.0001) 

PL[%] LPR f(PI,LPR) 
29.83±0.74 

29.26±0..57 

27.810.40 

27.2610.50 

25.1310.31 

40 

40 

40 

40 

40 

46.46 

39.79 

27.01 

23.63 

14.06 

Table 5-4 Injectability and air permeability data for all HA combinations 

HA [%] 
0 

0.5 

1 

1.5 

2 

3 

Inje. [%] Statistics 

70.75 

74.42 

76.47 

76.73 

74.34 

74.35 

Seconed 
design 

a =0.05 A 
(F=33 99, P < 

0.0001) 
B(F=66.51,P 

< 0.0001) 
AB(F=10.94, 
P<0 0004) 

£=0.645 

Blaine T [s] 
66.79 

68.75 

73.00 

75.42 

79.85 

84.29 

K[m2]*10"13 

4.13 

4.01 

3.78 

3.66 

3.45 

3.27 

£=0.66 

Blaine T [s] 

53.25 

59.18 

62.11 

63.09 

64.89 

70.81 

K[m2]*10"13 

5.18 

4.66 

4.44 

4.37 

4.25 

3.89 

£=0.675 

Blaine T [s] 

43.39 

49.27 

52.30 

53.79 

55.13 

59.67 

K[m2r i013 

6.35 

5.60 

5.27 

5.13 

5.00 

4.62 

Statistics 

First design a=0.05 
A (F=1900.76,P < 0.0001) 
B (F=3463.44,P < 0.0001) 
C(F=13792.97,P < 0.0001) 
AB(F=531.88,P<0.0001) 
AC(F=16.45,P< 0.0001) 
BC(F=57.74,P<0.0001) 
ABC(F=16.18,p < 0.0001) 

PL[%] LPR f(PI,LPR) 
29.83+0.74 

30.33±0.42 

30.8310.21 

31.0610.42 

31.2610.31 

32.410.40 

40 

40 

40 

40 

40 

40 

46.46 

53.58 

62.08 

66.75 

70.98 

129.56 

103 



CHAPTER 5 Permeability measurements and interrelation to the calcium phosphate hydraulic paste injectability 

In the same way, adding finer HA powder to P-TCP powder decreased the air permeability 

with greater influence than that of the plasma powder at the same porosity (K= 4.62E-13 m2 

on adding 3% fine HA to the coarse P-TCP powder at s=0.675), as shown in Table 5-4. 

The F-values as indicated in the table showed significant results. There is only a 0.01% 

chance (.PO.0001) that a "F-Value" this large could occur due to noise. Values of P less than 

0.05 (a=0.05) indicate model terms are significant (Table 5-3 and Table 5-4). Thus, the 

percentage of the fine powder, the degree of the powder fineness and the powder porosity 

significantly affected the powder permeability. 

The effect of differing permeability values on the injectability is illustrated in Figure 5.7. 

Adding small HA powder fractions improved the injectability reaching the highest 

injectability value of 76.37±0.85 volume percentage at 1.5 % HA (Figure 5.7a). The 

injectability decreased by adding more than 1.5 HA% to the original p-TCP powder (Figure 

5.7a). A similar effect was also noticed when adding plasma-treated powder to the original P-

TCP powder (Figure 5.7b). The injectability increased by adding small plasma powder 

percentage reaching the highest injectability value of 84.54±0.92 volume percentage at 3 % 

plasma powder, and decreased by adding more than this percentage (Figure 5.7b). Also, the 

second F-values imply that the results are significant. The injectability result of the plasma 

treated powder and HA combinations are summarized in Tables 3 and 4, respectively. Also, 

Tables 3 and 4 have the measurements of the plastic limit (PL) along with the results of 

f(Pl,LPR), the analytical function described in a previous study [4]. It should be noted that 

adding the HA powder to P-TCP powder increased the plastic limit. Adding the plasma-

treated to the original p-TCP powder reduced the plastic limit of the mixture. The 

relationship between the injectability using the different powders and combination of this 

study and the f(Pl,LPR) was combined with earlier results obtained for the p-TCP powder [6] 

(Figure 5.8). 
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Figure 5.7 Effect of adding HA powder (a) and plasma-treated powder (b) on the injectability 

and the air permeability of P-TCP. 
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5.5 Discussion 

This study focused on the interrelation of calcium phosphate powder permeability and paste 

injectability for application in bone repair. Permeability values of (3-TCP powder and 

mixtures with plasma-treated and HA powders were measured using the Blaine method. 

Corresponding injectability measurements at 40% liquid-to-powder ratio were conducted 

using an established experimental protocol [6]. The hypothesis of this study has been there is 

a relationship between powder permeability and paste injectability. The underlying 

mechanism is that low powder permeability reduces the liquid migration through the porous 

paste and therefore improves the injectability. 

The permeability of the original P-TCP powder was varied in this study by admixing fine HA 

and plasma-treated powders. The original powder and mixtures are none reactive and thus 

allow staying focused on the injectability of the paste. Further, the permeability measurement 

of the original powder and mixtures was successfully calibrated and performed through 

extensive testing. The Blaine apparatus was further equipped with a mechatronic system to 

allow for accurate reading of the equilibrium time. 

The permeability of HA combinations with the initial powder was higher than that of the 

plasma-treated powder combinations for any fixed porosity. This is likely for the HA powder 

being finer than the plasma-treated powder, as can be noticed from the particle size 

distribution and the specific surface area measurements for both powders. The injectability 

measurements in this study compare well to earlier studies of the same group [4,6,7]. 

The study has demonstrated that adding the fine powder reduces the permeability as 

anticipated. The injectability of the corresponding paste increased when adding the fine 

powders until a certain percentage and the injectability reduced when exceeding this 

percentage. Specifically, the trend of increased injectability was only observed with small 

amounts of the fine powders were added to the original powder. This trend has been noticed 

for both HA- and plasma-treated powders addition. 
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It should be noted that the HA powder addition increased the plastic limit while the plasma 

powder addition to the original powder led to a decline of the plastic limit. In our previous 

studies, the plastic limit was a good predictor of paste injectability [4,6,7]. The trend of 

increased injectability reaching a maximum and declining afterwards was observed for both 

mixtures irrespective of the plastic limit and therefore we assumed that the improved 

injectability was due to improved interparticle interaction [10-13]. 

Specifically, adding fine powders in small quantities acts like a lubricant and can enhance the 

injectability due to the reduced interparticle friction and improved rheological properties. 

However, this lubrication mechanism exists for a critical particle size and distribution and for 

certain mixture ratios (1.5%wt. and 3%wt. in the case of HA and plasma powder 

respectively) and it seizes when this optimal ratio does not exist. In other words, admixing 

fine particles with the original powder initially enhances the injectability due to the improved 

interparticle forces and it leads to an increase in the filtration process for adding more fine 

particles. 

One path of explaining the results is by considering the plastic limits. Specifically, adding the 

HA powder (SPA=5.040E+01 [m7g], PL=0.96) increases the plastic limit of the mixture 

significantly and the difference between the LPR and the powder PL would reduce [6]. 

However, the observed increase and decrease in the injectability shows the opposite. First, 

the increase in the injectability in spite of the decrease in the plastic limit is not consistent 

with this explanation. Furthermore, in the case of the plasma powder, the increase is 

consistent with this explanation. However, the subsequent decrease in the injection for the 

mixture with the reduced plastic limit strengthens our explanation of an alternative 

mechanism and it seems that the interparticle interaction is responsible for this nonlinear 

behavior in the injectability. 

The f(Pl,LPR) function have been very useful in predicting the injectability behavior of the 

original powder. However, this function seems to be applicable for one class of powder and 

future research will focus on improving the model to apply it for different powders. 
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5.6 Conclusion 

The results of this study show that the interrelation of powder permeability and injectability 

is not simple and further investigation is required to understand this interrelationship. 

However, it has been clearly demonstrated that the percentage and the characteristics of the 

filler fine powder affected the powder mixture permeability and the paste injectability. 

However, it is not clearly demonstrated that there is a linear relationship between powder 

permeability and paste injectability. In the colloidal size range, the interparticle forces as well 

as the surface chemistry have a profound influence on the paste structure and rheological 

properties and this will be the focus of future investigations. 
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6.1 Abstract 

This study examined the use of ultrasonication to improve the injectability of ceramic pastes. 

Sonication was applied through the plunger of the delivery syringe. A factorial design of 

experiments was performed. The three investigated factors were the liquid-to-powder ratio 

(LPR) (38, 39 and 40%), the volume of the delivery syringes (5 and 10-mL) and the 

amplitude of the 20 kHz power ultrasonication (0 to 60 um). The fraction of the paste volume 

that could be injected was used to quantify injectability. The improvements in the injected 

fraction of the paste were significant and very large. For example, when using the 5-mL 

syringe the injected volume fraction improved from approximately 65 percent without 

ultrasonication to more than 95 percent with 30 um ultrasonication for all examined LPR. 

Keywords. Calcium phosphate hydraulic cement, phase separation, bone repair, 

ultrasonication, injectability 
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6.2 Introduction 

The poor injectability of calcium phosphate (CaP) cements is an important limitation that 

exists during the use of such cements as bone graft substitutes [1-6]. The poor injectability is 

due to filter pressing i.e., the two components of the cement, the liquid and the solid 

particles, are separated during injection, eventually leading to syringe plugging [4-6]. 

Several authors have tried to understand filter-pressing in more details [4-6]. For example, 

Bohner and Baroud used a theoretical approach [4]. These authors postulated that there is a 

competition between filtration and injection. Specifically, the delivery pressure applied to the 

hydraulic paste forces the flow of the paste itself and at the same time, the water in the paste 

that is more mobile than the particles is expelled out of the paste under the pressure. Bohner 

and Baroud [4] had been the first to demonstrate experimentally these observations using 

calcium-phosphate hydraulic paste and examined the process parameter of the injection 

process. Furthermore, Habib et al. [5] examined in more details the filter-pressing 

observations and carefully investigated the water distribution within the extrudate and within 

the paste left in the delivery reservoir. Additionally, Habib et al. [6] examined whether or not 

fine particles of the paste migrate under pressure faster than the paste and therefore, 

contributing to the filter-pressing in the delivery of hydraulic calcium-phosphate paste. 

However, we could not show any experimental evidence of particle segregation. 

In earlier research works, the solution for this limitation focused on the additives and 

attention was given to examine the injectability of thick paste rheological properties and the 

required force for delivery [1, 2, 3]. Some authors focused on modifying the paste chemically 

to improve the paste volume fraction injected. Ionic modification of calcium-phosphate paste 

viscosity by adding trisodium citrate solution was, for example, reported as a method to 

enhance injectability [1]. The high zeta potential of the cement reactance due the adsorption 

of the citrate ions at the solid-liquid interface enables an effective dispersion of cement 

particles, and thus decreasing viscosity and improving injectability [1]. Unlike the ionic 

modifiers, steric modifiers such as xanthan gum alter the interaction between the particles, 
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and enhance the injectability partially due to the increase in viscosity of the dispersing 

medium [2]. High viscosity dispersing liquid is less mobile and therefore, it reduces the 

filtration process. Injectability was accordingly improved by adding NaG, acid lactic, and 

glycerol. Chitosan slightly improved injectability as Leroux et al. reported [3]. 

An alternative approach to improve injectability involves for example the use of mechanical 

energy to improve the paste rheological properties. Specifically, ultrasonic energy has been 

reported as an effective means for the dispersing and deagglomeration of the powder and 

therefore reduces paste viscosity [8, 9]. Ultrasonication involves the application of a high-

power sound energy to agitate particles. High power ultrasonication often uses as much 

amplitude as possible [8, 10, 11, 12]. Typical amplitudes range from about 5 to 50 

micrometers (0.005 to 0.05 mm) [10, 11]. High power applications tend to use frequencies at 

the low end of the spectrum (i.e., from 20 kHz to about 100 kHz). Depending on the 

circumstances, high-power ultrasonics can have different effects on a process, like heat 

generation, cavitation, friction and stress. Any chemical reaction is likely to be affected by 

extremes of pressure and temperature, even if they are highly localized [10, 11, 12]. In 

liquids, the effective process resulting from ultrasonication is cavitation, which causes the 

emulsification and dispersion. Specifically, acoustic energy irradiated from probe tip forces 

the fluid to high pressures. Furthermore, when sonicating liquids, the sound waves 

propagating into the liquid media result in alternating high-pressure (compression) and low-

pressure (rarefaction) cycles. This applies oscillating mechanical stress on the particles that 

are attracted by van der Waals forces) [13]. Also, ultrasonic cavitation in liquids is known to 

cause high speed liquid flow and that the flowing liquid at high pressure between the 

particles separates them from each other. Smaller particles are accelerated with the liquid 

flow and collide at high speeds [13, 14, 15]. Jiang et al. used the ultrasonic power for the 

preparation of polymer/layered silicate nanocomposites during extrusion [16]. The result 

showed that ultrasonication decreases the size and distribution of clay particles in polymer 

matrix because ultrasonication prevents the agglomeration of clay particles during the 

extrusion process [16]. 
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It is hypothesis that the ultrasonication over the course of the paste delivery improves the 

dispersion of the particles and therefore it reduces the liquid phase migration and reduces the 

cake formation because of the improved rheological properties over the course of injection. 

This study has been designed to examine the above hypothesis in a laboratory setting. 

6.3 Materials and Methods 

P-tricalcium phosphate (P-TCP; Ca3(PC>4)2; Fluka No. 21218, Buchs, Switzerland) was 

combined with bidistilled water to produce a model paste. This paste has three interesting 

features. First, it does not have transient rheological properties like calcium phosphate 

cements, which eases its study [5]. Also, the selected P-TCP powder presents morphological 

features such as particle size distribution and specific surface area typical for calcium 

phosphate powders used in commercial CPC formulations. Finally, past studies have shown 

that P-TCP - distilled water pastes filter-press quite easily [5]. 

Electronically assisted delivery device 

The experimental set up used in the present study is shown in Figure 6.1. The setup contains 

four important parts: the ultrasonic processor, the transducer, the sonotrode probe, and the 

plunger. The next paragraphs present these four parts in more details. 

The ultrasonic processor converts mains electrical power to the frequency, voltage and 

current required by the ultrasonic system. All three must be continually monitored and 

adjusted automatically to keep the system working properly. Also, it allows the control of the 

ultrasonic amplitude percentage. The ultrasonic processor is able to produce up to 130 kW 

power at frequency of 20 kHz. The ultrasonic processor is equipped with 9 pin D-sub 

connector that enables external power monitoring. The power signal is first magnified by the 

aid of a signal conditioner and then monitored through a data acquisition card and labview ® 

interface. 
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The transducer (or converter) converts electrical power to mechanical - as vibrations. It is a 

tuned system, resonant at the operating frequency [17]. Piezo-electric ceramic disks are the 

heart of the transducer. As a voltage is applied, they expand and contract along the axis of the 

transducer. The sonotrode (probe) is the part which radiates the ultrasonic energy. The probe 

with a 6-mm diameter, and a 113-mm length was recommended for batch volume of 10-mL 

to 50-mL. The probe 100-percent amplitude was equal to 150 micrometers and made of 

titanium alloys. 

The last important item of the experimental setup is the plunger. Special plungers made of 

DelrinTm material were machined and used for the 5 and 10-mL syringes. 

Injectability test 

The injectability tests were performed with a MTS Bionex 785 testing machine at a 1.27 

cm/min constant ram speed. A 8 gauge cannula of 100 mm was attached to 5-mL (CODAN

US A) or 10-mL syringes (Basik-Denmark) to enhance filter pressing. Special fixtures were 

designed in order to hold the ultrasonic probe in perpendicular to the syringe piston (Figure 

6.1). The MTS ram applies an injection force on the top of the ultrasonic probe, which in turn 

transmit it to the syringe piston in addition to the ultrasonication amplitude that the probe 

produces. A specially designed setup was used to make sure that the ultrasonication produced 

by the probe was transmitted to the syringe plunger. The injectability of all the pastes was 

represented by the weight ratio between extrudate and initially-prepared paste. A factorial 

design with three factors; A: LPR [38, 39 and 40%], B: Syringe size [5 and 10-mL], and C: 

Ultrasonic amplitude percentage [0, 20, 25 and 30 %] was implemented to address the effect 

of the ultrasonication on the injectability. The design was repeated three times, which led to a 

total of 72 experiments. The experiments were randomly performed and the results were then 

analyzed using ANOVA (Table 6-1). 
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Figure 6.1 Schematic of the experimental set up. 

Table 6-1 Factorial design 

Factors 
A: LPR 
B: Syringe size 
C: Ultrasonic amplitude 

Levels 
38, 39 and 40 

5 and 10 
0, 20, 25, and 30 

Unit 
% 

mL 
% 

Repeats 
3 
3 
3 

Response 
Injectability 

volume 
fraction 

Total no. of experiments 

72 
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6.4 Results 

Representative sample 

Ultrasonication significantly affected both the delivery force and the injected volume fraction 

of the calcium-phosphate paste. Figure 6.2 shows the injection force over the course of 

injection with and without ultrasonication, in addition to the power consumption during the 

ultrasonication process. Specifically, it shows the force curves of the 20% versus 0% 

amplitude of ultrasonication for the 38% LPR paste. 

a Power- 20 Amplitude-38%LPR3 

• Force- 20 Amplitude-38%LPR 

A Force- 0 Amplitude-38%LPR 

200 

240 

-• 190 

- • 1 4 0 a> 
u 
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+ 90 a> 
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Figure 6.2 Representative curves of the injection force at 0% amplitude and 20%> amplitude. 

The force data without ultrasonication are consistent with previous findings of our group 

[4,5] in that it showed a gradual increase of the force, eventually leading to a halt after about 
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100 second or 68.54±0.7 % extrudate volume fraction for the 40% LPR paste with a 10-mL 

syringe (Table 6-2). In comparison, the ultrasonication led to a small decrease of the injection 

at early injection time and then to a small and stable injection force, suggesting constant 

rheological properties during most of the delivery. The 38% LPR paste was fully injectable. 

The sudden force increase observed at the end of the injection curve corresponded to the 

point at which the plunger contacted the distal end of the syringe. On related note, the force 

data of the sonicated delivery showed a decrease in the initial force value indicating the 

cumulative effect of the ultrasonication. 

The power consumption curve showed a slight increase with the injectability advance but 

was in a range of 1.1±0.2 W. There is no sudden increase of the power value at the end of the 

process since the ultrasonication decoupled from the system at this stage (Figure 6.2). 

The increase in the LPR led to an increase of the injected volume fraction when using both 5-

mL and 10-mL syringes (Figure 6.3 and Figure 6.4, respectively). In the case of the 5-mL 

syringe, the injected volume fraction was 61 ±3 % for the 38% LPR paste with no 

ultrasonication. This injectability volume fraction increased to 71.3±0.5 % for the 40% LPR 

paste with no ultrasonication. The effect of the LPR on the injectability was observed in the 

case of the 10-mL syringe as well. Specifically, 59±1 % and 69±1 % volume fractions were 

obtained for 38% and 40% LPR pastes with no ultrasonic action, respectively [Table 6-2]. 

The same behaviour was noticed for the 39% LPR paste as well [Table 6-2]. 

Also, the importance of the syringe size is evident from Figure 6.3 and Table 6-2. This has 

been consistent with previous findings. 
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Figure 6.3 Effect of ultrasonic amplitude on the paste injectability for different LPR using a 

5-mL syringe. 
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Figure 6.4 Effect of ultrasonic amplitude on the paste injectability for different LPR using a 

10-mL syringe. 
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Table 6-2 The injectability volume fraction according to the factorial design. 

LPRP/ol 

40 

Aver 
STDV 

39 

Aver 
STDV 

38 

Aver 
STDV 

5[ml_] Syringe 
Ampl.=0 Ampl.=20 Ampl.=25 Ampl =30 

71.75 95.20 96.10 100.00 
70.80 95.97 96.20 98.80 
71.35 95.35 98.40 98.35 
71.30 95.51 96.90 99.05 

0.48 0.41 1.30 0.85 

68.74 95.17 97.73 100.00 
66.20 96.60 95.07 96.60 
64.24 92.60 100.00 95.70 
66.39 94.79 97.60 97.43 

2.26 2.03 2.47 2.27 

64.37 95.10 96.10 100.00 
60.85 91.08 91.38 91.90 
59.02 95.50 94.00 92.08 
61.41 93.89 93.83 94.66 
2.72 2.44 2.36 4.63 

10[ml_] Syringe 
Ampl.=0 Ampl.=20 Ampl.=25 Ampl.=30 

68.62 92.85 93.01 95.20 
67.80 86.38 90.62 95.50 
69.20 91.38 93.57 94.10 
68.54 90.20 92.40 94.93 

0.70 3.39 1.57 0.74 

61.85 100.00 93.20 95.55 
60.92 89.41 91.43 93.67 
62.95 85.10 88.30 90.20 
61.91 91.50 90.98 93.14 

1.02 7.67 2.48 2.71 

59.47 80.99 83.82 90.14 
58.75 87.33 90.14 88.40 
59.97 81.90 86.70 87.86 
59.40 83.41 86.89 88.80 
0.61 3.43 3.16 1.19 

Statistics 

A:LPR[%], B:Syringe[ml], 
CiUltrasonic amplitude[%], 

a=0.05, A (F=28.93, P< 
0.0001, contribution 3.44%), 

B(F=62.93P< 0.0001, 
contribution 3.75%), 

C(F=496.19, P< 0.0001, 
contribution 88.59%) 
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Furthermore, ultrasonication led to significant improvement in the injected volume fraction. 

For the 5-mL syringe, the 20% ultrasonic amplitude led to an increase in the injected volume 

fraction to 95.5± 0.4% for the 40%LPR paste. For the 10-mL syringe, ultrasonication 

beyond 20% amplitude led to an increase in the injected volume fraction up to 89±1% for the 

38% LPR paste. The ANOVA showed that all the model factors are significant (Table 6-2). 

The P value was lower than 0.0001 for all factors with the highest contribution percentage 

gained for the factor C: ultrasonic amplitude (88.59%) (Table 6-2) (Figure 6.3) and (Figure 

6.4). 

As indicated previously, there has been significant decrease in the force values. The force 

values were evaluated at a distance of 1 cm of injection similar to previous published study 

[5]. The most significant decrease in the injection force was observed in the case of the 

injection of 38% LPR paste using 5-mL syringe. The injection force decreased from 21.3±5 

N in the case of no ultrasonication amplitude to 5.0±3 N when sonicating at 20% amplitude. 

It is clear that the ultrasonication decreases the injection force and that the increase in 

ultrasonication amplitude from 20% to 30% led to further decrease in the injection force 

(Table 6-3). 

Similar to the force values, Table 6-3 provides the representative ultrasonic power values 

also measured at a distance of one centimeter from the injection for all conditions. As the 

amplitude increased the ultrasonic power consumption increased. For instance, in the case of 

the 38% LPR paste in the 5-mL syringe setting, the power consumption was 1.1±0.2 W, 

1.3±0.4 W and 2.0±0.2 W at 20%, 25% and 30% ultrasonication amplitude, respectively. 
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Table 6-3 Force and power representative values taken after 1 cm of injection. 

5m 1 Syr. 
Ampl.[%] 

0 
20 
25 
30 

40LPR 
Aver inj. STDV Force [N] Power [W] 

71.3 0.5 10.6 0 
95.5 0.4 5.6 0.8 
96.9 1.3 5.2 1.3 
99.1 0.9 1.3 1.0 

39LPR 
Aver inj. STDV Force [N] Power [W] 

664 2.3 19.0 0 
94.8 2.0 7.7 0.7 
97.6 2.5 4.4 1.3 
97.4 2.3 0.2 1.7 

38LPR 
Aver inj. STDV Force |N] Power [W] 

61.4 2.7 21.3 0 
93.9 2.4 5.0 1.1 
93.8 2.4 1.8 1.3 
94.7 4.6 0.7 2.0 

10ml Syr. 
0 

20 
25 
30 

68.5 0.7 12.8 0 
90.2 3.4 4.1 0.02 
92.4 1.6 5.0 1.5 
94.9 0.7 5.7 2.5 

61.9 1.0 16.9 0.0 
91.5 7.7 7.3 0.6 
91.0 2.5 5.8 1.7 
93.1 2.7 5.7 1.4 

59.4 0.6 12.8 0 
83.4 3.4 4.2 1.8 
86.9 3.2 5.8 1.9 
88.8 1.2 5.0 2.3 

6.5 Discussion 

This article aimed at finding an electromechanical solution of the limited injectability of the 

CaP pastes. The application of the ultrasonication through the syringe piston was investigated 

in relation to the injected volume fraction, the injection force and the ultrasonic power 

consumption. 

The findings of this article support the hypothesis and showed the improvement of the CaP 

paste injectability through the ultrasonication assisted delivery. A poor injectable CaP paste 

can be converted into an injectable paste upon using the ultrasonic process without any 

additives or any composition changes of the paste (Figure 6.3) (Figure 6.4). Several 

explanations are suggested. The application of the ultrasonic waves alters the paste 

rheological properties by reducing interparticle friction and agglomerations. Also, 

ultrasonication improves the rheological properties due to the shear thinning paste nature. 

Visual inspection during the ultrasonication made us appreciate that ultrasonication leads to 

more liquid and consistent paste with improved flow properties. This observation is instant 

and stops immediately after ultrasonication was switched off. 

Furthermore, the decrease in the injection forces and the force plateau (Figure 6.2) implies 

constant rheological properties, which indicates that the paste became more consistent and 
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uniform during the injection process. Both the decrease in the force value and its constant 

plateau allow exerting more control on the delivery process. 

Additional explanation of the rheological properties enhancement is the cavitation 

phenomena associated with the ultrasonic application in aqueous medium that would enhance 

the dispersion of the powder within the liquid and reduces agglomeration even under the 

injection force [13, 14, 15]. Finally, to put this in the broader context with the previous work 

[4], this enhancement in the injectability volume fraction seems to be due to the rheological 

properties enhancement of the paste versus the force required for the cake formation and the 

filtration process. Also, the ultrasonication is believed to reduce the local compaction of the 

powder within the paste and leads to more uniform paste in the syringe. 

It should be noted that the filtration process cannot be completely eliminated. For example, in 

the case of the 10-mL syringe only 90% injected volume fraction could be reached. 

Increasing the ultrasonication amplitude for higher than 30% will generate too much heat in 

the plunger. It is well known that the ultrasonication can be used for plastic welding due to 

the heat that can be produced [10, 11, 12]. The difference in between the syringe sizes results 

is likely due to the high pressure required to deliver the paste due to the high geometric 

contraction of the diameter of the syringe to the nozzle. Future work will focus on examining 

the relevance of the ultrasonication energy on the reactivity of calcium-phosphate pastes. 
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6.6 Conclusion 

This study shows that ultrasonication is a feasible solution to an existing limitation in the 

delivery of CaP pastes. The improvement of the injectability is believed to result from the 

improved paste rheological properties due to the reduced particle interaction and 

improvement of the paste rheology properties. The decrease in the injection force associated 

with application of the ultrasonic resonation is an evidence of the rheological properties 

enhancement. Also, the application of the ultrasonic waves could prohibit the presence of the 

powder cake filter at very beginning of its formation process which in turn eliminates the 

filter pressing phenomena in a way is that reduces the maldistribution of both the liquid and 

the powder and provides more uniform injection process. The importance of ultrasonication 

for the reactivity and controlling the reactivity of the calcium phosphate cement will be 

examined in future work. 
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CHAPTER 7 

General discussion and conclusion 

This thesis focuses on the mechanism and solution for the delivery of CaP pastes through a 

catheter in minimally invasive bone repair procedures. The research field is interdisciplinary 

and integrates experties of different perspectives. The question is medical and the methods 

used integrate the knowledge of biomaterials, powder synthesis, powder characterization as 

well as electromechanical systems with the objective of understanding the science underlying 

the question and providing a solution. 

Alternative solution in the literature uses chemical additives to enhance the rheological 

properties of the paste [Baroud et al , 2005; Gbureck et al., 2005; Ginebra et al., 2001; Wang 

et al., 2006]. However, the readers need to be careful with these solutions because these 

additives adversely affect the properties of cement such as cohesion and setting behaviour. 

Another alternative solution can be worked out through the particle size and composition of 

powder [Baroud et al , 2005; Greenwood et al., 1998; Olhero and Ferreira, 2004; Sadler and 

Sim, 1991]. The fifth chapter clearly shows that properly admixing powders enhances the 

paste injectability. This observation is consistent with literature [Bayfield et al., 1998; Yu et 

al., 1999]. In it, the plasma process and the produced spherical CaP particles that are fully 

injectable were examined. However, the composition of the plasma-fabricated powders 

appears non uniform and requires additional investigation and this goes beyond the scope of 

this thesis. The electromechanical solution is relatively simple however; it requires to be 

integrated into a delivery system that can be used in medical settings. 
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Addressing the problem and understanding the science 

As a part of the engineering solution, a clear understanding of the problem and its cause 

should be initially addressed. In this context, three studies presented in the third, forth and 

fifth chapters have been written and these also constitute manuscripts submitted to scientific 

journals. There has been an investigation of several factors that could affect the injectability 

of CaP pastes. 

Explicitly, it has been concluded that liquid phase separation is the mechanism underlying 

the limited injectability of calcium-phosphate biomaterials used in minimally invasive 

clinical applications. There was no evidence of the particle separation contribution in the 

limited injectability of such pastes. The injection force required for the paste delivery, before 

halt, is very reasonable and can be applied manually by physicians. Only when phase 

separation occurs does the injection force increase too much for manual injection. In fact, no 

matter how big the forces applied to the plunger beyond that point are, the paste is not 

amendable to injection anymore. The effect of the cannula was not really pronounced. 

Interestingly, full injectability could not be reached even when no cannula was used. 

However, using small syringe size favored better injectability. The LPR was found to affect 

greatly the injectability of the CaP paste. High LPR promotes the injectability however it will 

result in a weak paste in terms of the mechanical and cohesion properties. Furthermore, high 

injection velocity favored a good injectability. Moreover, it has been concluded that adding 

fine filler powders to the reference powders affects both the permeability and the 

injectability. However, there was no clear correlation between the permeability and the 

injectability. 

Specifically, the findings of the thesis underlined the shift in water concentration of the paste 

over the course of the injection. Namely, excess water was found in the extruded paste and 

deprived water content was found in the paste remaining in the syringe. The application of 

delivery pressure causes the liquid component of a paste to move through the powder 

network and redistribute itself within the pores. In other words, when the paste undergoes 

injection, it is subjected to a total injection pressure, which is the sum of the pressure 
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imposed on both the powder phase and the liquid phase present within the pores between the 

powder particles. The pressure imposed on the powder is responsible for the deformation of 

the powder network, whereas the liquid pressure is the driving force for the flow of the liquid 

phase [Patel et al. 2007, Benbow and Bridgwater 1993]. 

Due to the nature of the ceramic powder particles, and unlike the liquid when it is subjected 

to hydrostatic pressure, the applied injection pressure is not fully transmitted through the 

paste [Ferguson et al. 1998, Seetharaman 2005, Lu and Lannutti 2000]. The interparticle 

friction and the wall friction contribute to a loss of injection pressure transmission. An 

inhomogeneous pressure distribution occurs, which in turn leads to a non-uniform powder 

density distribution. This density distribution can be quite complex, but it is usually found 

that the maximum density exists at the top next to the moving syringe plunger with a 

minimum at the bottom next to the syringe stationary side, which is a well know phenomena 

in compaction of powder and highly concentrated slurry fields [Ferguson and German 1998, 

Seetharaman 2005, Lu and Lannutti 2000]. As a result of the applied pressure variance across 

the paste, liquid pressure gradients develop within the pores network and drive flow of the 

liquid relative to the powder network, resulting in liquid phase separation. Accordingly, it 

results in an inhomogeneous distribution of liquid with a gradient opposite to that of the 

liquid pressure gradients within the pores network. This finding was experimentally 

supported in the third chapter. In it, it was shown that the longitudinal water contents 

gradient of the remained paste inside the syringe showed lowest content next to the plunger 

with a gradual increase till the syringe tip (Figure 3.7). In addition, as a well established 

phenomenon, paste under shear typically forms a thin layer with high water content at 

shearing surfaces which is the syringe wall in this case [Saaka et al. 2001; West et al. 2002; 

Yu et al. 1999]. Nuclear magnetic resonance image (NMRI) of the non-injectable portion 

inside the syringe of a 40% LPR paste showed a radial water content gradient (Figure 7.1) 

The high gray level values indicate high water content near to the wall with gradual decrease 

towards the center in all remained paste positions. Moreover, the average gray level values at 

the plunger, middle and the nozzle sides supports the existence of the longitudinal water 

content gradient (Figure 7.1). Since the rheology of the paste is strongly determined by liquid 
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content, these changes in liquid content can lead to significant changes in flow behaviour and 

cause halting of the injection process [Bohner et al. 2006]. 

180 T 1 

80 -I 1 1 1 1 1 1 r1 

0 50 100 150 200 250 300 350 

Voxels positions 

Figure 7.1 NMRI for the non-injectable paste inside the syringe; (a) gray level values for a 

layer taken from the plunger side, (b) gray level values for a layer taken from the middle and 

(c) gray level values for a layer taken from the nozzle side. 
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Also, as a result of this water separation, the extrudate quality is being affected significantly. 

In the third chapter, excess water content was found in the extrudate. This will affect the 

cohesion, mechanical properties and the setting behaviour of the extrudate significantly 

[Bohner et al. 2006]. 

Through the same chapter it was found that, the use of relatively large syringe size will 

increase the deformation ratio 
(D \ 

syringe 

\ nozzel J 

, and consequently greatly affect the amount of the 

pressure imposed on the paste which in turn will cause greater differential flow between the 

powder and the liquid. Therefore, a low injectability percentage is obtained. On the other 

hand, one can conclude that there was relatively little effect of the cannula length on the 

injectability. Using long cannula slightly decreased the injectability percentage. This could 

be due to the distribution of the imposed pressure for longer length, which resulted in a 

decrease in pore pressure gradient throughout the paste, which in turn decreased the water 

relative velocity. 

The liquid phase separation was examined in relation to injection speed in the third chapter 

as well. The higher velocity showed lower water redistribution and better injectability, due to 

the low relative velocity of the water with respect to the powder network. At lower velocity, 

there is enough time for the separated water to allow the paste at the bottom of the syringe to 

become more enriched in water [Bayfield et al. 1998]. Hence, the injectability of this soft 

paste resulted initially in lower injection force as shown in the injection force graph (Fig.3.5). 

Since the entire paste was losing water out through the extrudate, the remained paste became 

drier (i.e., water content become near to the plastic limit) and so the injection pressure 

progressively increased. Therefore, the significance of the relative velocity of the liquid to 

the velocity of the powder network is clear. According to Darcy's law, liquid relative 

velocity can be correlated to the liquid pressure gradient and the permeability of the powder 

network [Bohner and Baroud 2005]. The latter parameter is determined by the properties of 

the particles (particle size, size distribution, shape, plastic limit, specific surface area, 

roughness, flowability and powder rheology), the network (powder volume fraction), the 

liquid (rheology and water volume fraction), and chemical interactions between the powder 
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and the liquid and between powder grains. For instance, if the permeability of the packed bed 

of powder is high and the liquid viscosity is low, conditions for the liquid to move forward 

faster than the powder will be promoted [Bonner and Baroud 2005; Patel et al. 2007]. 

The particle size distribution is important in determining the permeability. In the fifth 

chapter, adding filler fine particles to the reference powder affected not only the injectability 

but also the powder permeability. Both the concentration and the size of the filler powder 

were found to be important and affect the powder permeability and the paste injectability. 

Adding filler powders with a certain percentage would reduce the viscosity and enhanced the 

injectability. However, this effect diminished when further filler powders were added to the 

reference powders. The low permeable plasma treated-powder showed an excellent 

injectability behavior. Specifically, fully injectable and cohesive paste was obtained. This 

could be referred to as the particle spherical shape and the wide size distribution containing 

nano particles along with coarse particles obtained for the treated powder which in turn 

would work like a lubricant, reduce the particle-particle interactions, increase the flowability 

and minimize the liquid phase separation phenomenon. Overall, the particle size distribution 

seemed to be a key factor and we have seen a trend in the fifth chapter. However, it was a 

very complicated process to manipulate the size distribution of the filler powders to obtain 

the powder mixture. 

Electromechanical practical solution 

With the new explained paradigm, new avenue to enhance injectability have been proposed 

in the sixth chapter. Without any changes in the paste compositions, the application of 

ultrasonication during the paste delivery, improved the injectability significantly. Very 

poorly injectable paste was turned into fully injectable paste upon using the ultrasound along 

with the axial force. 

Ultrasound is most often utilized for powder deagglomeration. The resulting mechanical 

forces on the aggregated particles are extremely strong and continue as long as the ultrasonic 

power is above the threshold value for cavitation [Caupin et al. 2006]. These hydrodynamic 
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forces are strong enough to break apart weakly bonded particles, such as those joined by van 

der Waals forces [Caupin et al. 2006, Ring 1996]. In addition, the strength of the 

agglomerates can be expected to vary between individual particles and with time, as the 

primary particles are broken from the initial agglomerates and reattached to form new, 

weaker agglomerates. This indicates that the ultrasound can prevent the powder interlocking 

during the injection process and maintain homogenous distribution of the water within the 

powder network. In addition, it decreases the particle interaction which results in a 

pronouncing enhancement of the paste rheological properties [Li et al. 2005]. 

Contributions 

The primary scientific theme of this thesis is the concept of the injectability of a highly 

concentrated hydraulic paste. The work explored the concept of the calcium phosphate paste 

injectability with regard to its homogeneity. Also, it explored the concept of the liquid phase 

separation and how it contributes to the limited injectability of the calcium phosphate 

injectability. Several process parameters that could affect the injectability have been 

investigated. Also, potential particle migration was examined. The powder permeability 

concept has been studied. Finally, a benchmark device has been developed and showed very 

positive results in relation to paste injectability. 

The following summarizes the contributions of my thesis; 

• Examination and identification of the mechanisms underlying the limited injectability of 

the calcium phosphate paste in the process of cement delivery for minimally invasive 

bone repair procedure. 

• Examination of the particle migration over the course of the thick paste delivery. 

• Examination of the concept of powder permeability and inter-relationship to the paste 

injectability. 

• Development of an ultrasonication method to enhance the delivery of the highly 

concentrated paste. 
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Current limitations 

There were some limitations associated with the present studies and results. For instance, 

most of the theoretical and analytical work in this field and relevant literature consider the 

powder permeability as one of the important parameters that can affect the phase separation 

and consequently the paste injectability. However, throughout the study conducted in the 

fifth chapter, there was no direct correlation between the powder permeability and the paste 

injectability. This implies a strong proposition of some other powder properties that could be 

more effective than the powder permeability, when examining the paste injectability, such as 

particle shape, flowability, sphericity, and particle-particle interactions. Moreover, the use of 

different powder admixing was a simple and easy way to change the powder permeability. 

However, it should be noted that it changes other properties such as the roughness, shape and 

surface chemistry. To eliminate these other changes, fine powder fillers with the same 

chemical and physical properties of the reference powders should be used. This could be 

achieved by classifying the reference powder batch into different powder classes with 

different sizes; however, powder size classification in the micro and nano-range is a 

challenge. An electromechanical system that is using the ultrasonication technique could ease 

this challenge and could be one of the future directions to follow. 

The plastic limit (PL) measurement is subjective, yet it seems to be crucial. There are not 

enough studies regarding the effect of factors such as powder specific surface area, particle 

size distribution, volume and number of voids, capillarity, wettability and surface energy on 

the PL of the powder. The reason for the relatively lower PL of the plasma-fabricated powder 

was not investigated thoroughly during this study. The explanation could be, however, 

relevant to the interparticle forces and surface chemistry. Plasma treatment of particles can 

affect powder properties like wettability, flowability or compactibility [Wang et al. 2009, 

Arpagaus et al. 2008]. During this study, plasma-treated powder showed superior wetting 

properties in comparison to the original P-TCP powder. Water droplets made contact angles 

of 106.3° (±9.7) and 33.3° (±6.8) degrees with P-TCP and plasma-treated respectively 

(Figure 7.2). In the colloidal size range, the interparticle forces as well as the surface 
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chemistry of the powder have a profound influence on the paste structure and rheological 

properties [Goedeken and Tong 1993, Lu et al. 2005, Peker et al. 2008, van Oss 1994]. The 

influence of physicochemical factors, like wettability and surface energy, is closely related to 

surface phenomena at the solid-liquid boundary [Lu et al. 2005]. Wettability appears as an 

important powder characteristic which may play a role in the paste flow. The wettability of 

particle surfaces depends on the correlation of the interaction energy between unbalanced 

surfaces and water molecules to the association energy of water molecules [Goedeken and 

Tong 1993]. Besides, both surface tension and surface energy play an important role to 

determine the efficiency of wetting, stability of particle dispersion, and the ease of spreading 

of any formulations or even the segregation or agglomeration of powder mixtures [Goedeken 

and Tong 1993, Peker et al. 2008, van Oss 1994]. More investigations will be directed 

towards the understanding of the PL behaviour of the powder in relation with particle size 

distribution and surface chemistry. 

Also, as a limitation, the ultrasound probe was not in a direct contact with the paste being 

injected. This could affect the efficiency of transferring the ultrasonication power to the 

calcium phosphate paste. To overcome this limitation during this study, the ultrasonic power 

was first measured at certain amplitude when the syringe was empty and at the same 

conditions the ultrasonic power was re-measured for the loaded syringe. The difference 

between the two readings represented the amount of the power transferred to the paste. The 

design of a direct contact resonating syringe plunger could be part of a future work. Also, the 

effect of the ultrasonic frequency has not been addressed. The ultrasonic processor that has 

been used during this study allowed only one unique frequency. 

Figure 7.2 Testing water droplets on powder samples; (a) plasma-treated and (b) P-TCP. 
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Future work 

The development of a syringe plunger with an integrated piezoelectric transducer could be 

one of the future works. This will be the first step in developing a prototype of the bone 

cement resonating delivery system. The characteristics of the future piezoelectric transducer 

will be determined based on the values of the power consumption presented in this study. In 

addition, a closed loop delivery system that has a broad band frequency will be able to 

provide the proper ultrasonic amplitude required to maintain full injection for any unknown 

past properties, can be implemented. With a load cell that could be attached to the syringe 

plunger, the system will be able to adapt the amplitude to the required value to reach a full 

injection. 

Finally, the currently used analytical model does not consider all the powder and process 

classes since it does not consider the powder network deformation process and some of the 

important factors that could affect the paste injectability such as the powder rheology and 

particle-liquid interaction forces. For instance, according to the used analytical model, high 

yield limit should lead to an increase in the injection pressure and consequently should 

favour the phase separation phenomenon. However, despite the high yield limit of the paste 

formed by plasma-treated powders, the injectability of this paste was fairly excellent in 

comparison with that formed by the reference powder. The plasma powder has a wide size 

distribution, an almost spherical particle shape and superior flow properties, however the 

chemical changes happened to the reference powder through the plasma treatment need more 

investigation. This kind of powder could be used for validation of the prospective model. 

To go beyond the existing model parameters, new aspects could be considered. Wide range 

of powder characteristics and process parameters will be implanted. The proposed model 

perspectives could be explained as follows. 

During the course of the calcium phosphate paste injectability, four different pressure 

gradients shall contribute to the phenomenon of the liquid phase separation. 

1. Pressure required to deform the paste and extrude it through the cannula: 
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The cannula entry pressure drop is given by [Benbow and Bridgwater 1993]; 

APd = 2oy In 
fD^ 

yDnJ 

Where oy is the yield limit of the paste, Ds is the syringe diameter and Dn is the cannula 

diameter. In this pressure gradient term, the geometry effect and the paste rheological 

properties will be considered. The yield limit of the paste will indicate the cohesion, 

inter-particle forces, LPR and plastic limit effects. 

2. Pressure required to flow the paste through thin (capillary) cannula: 

The injection through the needle can be represented by the Hagen-Poiseuille relationship 

[Bohner and Baroud 2005]. 

AP. = 

Where AP, is the pressure drop that has to be applied on the fluid to obtain a flow rate Q, 

. pip is the viscosity, Dn is the diameter of the cannula and L„ is the length of the cannula. 

This pressure gradient will conclude some of the geometric and paste properties as well. 

3. The pressure required to infiltrate the liquid phase through the powder: 

Kozeny-Carman equation is used to calculate the pressure drop of a fluid flowing 

through a packed bed of solids; 

^ =150Vov,L(\-e)2 

P fDl s' 

Where AP is the pressure drop, L is the total height of the powder bed, Vo is the 

superficial velocity, HI is the viscosity of the fluid, e is the porosity of the bed, 0 is the 

sphericity of the particles in the packed bed, and Dp is the diameter of the related 
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spherical particles. The powder sphericity and powder network voids is interpreted in 

terms of this infiltrated pressure gradient. 

4. The capillary pressure which exists in a colloidal system: 

The surface chemistry, the powder network voids size, and liquid surface tension will 

play a role in the determination of the capillary pressure. The Young-Laplace equation 

states that this pressure difference is proportional to the surface tension, y, and inversely 

proportional to the effective radius, r, of the interface, it also depends on the wetting 

angle, 0, of the liquid on the surface of the capillary as follows [van Oss 1994]; 

±p = 2rcos6> 
R 

In the normal injection process, the total pressure required to inject the paste through a 

cannula attached to the needle will be as follows. 

AP , = AP,+AP 

In case of liquid phase separation, the pressure required for injection will overcome both the 

permeability and the capillary pressures. The pressure required to initiate the phase 

separation can be explained as follows. 

AP = AP , -AP 
^^ p ^^ injection ^^ c 

Examination and verification of this analytical model will lead to a better understanding of 

the injectability behavior of the CaP pastes and consequently, open new avenues toward the 

solution of its limited injectability in the minimally invasive operations. 

It should be noted that the capillary cannula pressure was of limited importance for the filter-

pressing. 
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Conclusion generate et discussion 

L'objectif de cette these est de comprendre le mecanisme et fournir la solution de la livraison 

des pates CaP, a travers un catheter dans une mini invasive procedure de reparation osseuse. 

Ce champ d'etude est de caractere interdisciplinaire et necessite une connaissance de 

differentes methodes. La problematique est medicale, et les methodes utilisees englobent une 

connaissance des biomateriaux, la synthese des poudres, caracterisation des poudres et des 

systemes electromecaniques, dans le but de comprendre la science sous-jacent la question et 

fournissant la solution. 

Une des solutions alternatives, est l'ajout d'additifs chimiques afm d'ameliorer les proprietes 

de la pate paste [Baroud et d'autres., 2005; Gbureck et d'autres., 2005; Ginebra et d'autres., 

2001; Wang d'autres., 2006]. Cependant, les lecteurs doivent etre prudents concernant ces 

solutions du fait que ces additifs affectent defavorablement les proprietes du ciment, telles 

que la cohesion et la fixation. Une autre alternative peut etre elaboree via la taille des 

particules et la composition de la poudre [Baroud d'autres., 2005; Greenwood d'autres., 1998; 

Olhero and Ferreira, 2004; Sadler and Sim, 1991]. Le chapitre 5 montre clairement que les 

poudres correctement melangees ameliorent I'injection des pates, ce qui est completement 

coherent avec la litterature literature [Bayfield d'autres., 1998; Yu d'autres., 1999]. Dans ce 

document, le procede du plasma et les particules spheriques CaP produites entierement 

injectables ont ete examinees. Toutefois la composition du plasma fabriquent les poudres est 

non uniforme et necessite d'autres recherches qui vont au-dela du cadre de cette these. La 

solution electromecanique est relativement simple mais besoin d'etre integre au systeme de 

livraison susceptible d'etre utilise en milieu medicale. 
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Aborder le probleme et comprendre la science 

Comprendre le probleme ses causes et consequences est une partie important de la solution 

en genie. Dans ce contexte, trois manuscrits presentes au troisieme quatrieme et cinquieme 

chapitre traitent des etudes des differents facteurs pouvant affectes 1'injection des pates CaP. 

Explicitement, il a ete conclut que la phase de separation liquide est le mecanisme indiquant 

1' limite d'injection du calcium-phosphate des biomateriaux utilise dans une invasive 

minimale des applications cliniques. II n'y avait aucune preuve de la contribution de la 

separation des particules sur la limite d'injection de ces pates. La force d'injection necessaire 

pour produire la pate avant 1'arret reste tres raisonnable et peut etre appliquee manuellement 

par les medecins. Ce n'est que lorsque la phase de separation se produit que la force 

d'injection augmente trop pour une injection manuelle. En fait peu importe les forces 

appliquees au piston au-dela de ce point, la pate n'est plus modifiable a l'injection. L'effet de 

la canule n'est pas vraiment prononce. Fait interessant, l'injection complete ne peut pas etre 

realisee meme si aucune canule n'est utilisee. Cependant, l'utilisation d'une petite seringue, 

favorise une meilleure injection. La LPR s'avere affecter remarquablement l'injection de la 

pate CaP. Une LPR elevee favorise l'injection, mais elle produit une faible pate en terme de 

proprietes mecaniques et de cohesion. En outre une vitesse d'injection elevee permet une 

bonne injection. En plus, il a ete conclu que l'ajout de fine poudre de remplissage a la poudre 

de reference affecte a la fois la permeabilite et l'injection. Cependant il n'y avait pas de 

correlation claire entre la permeabilite et l'injection. 

Plus precisement, les resultats de la these ont souligne le changement de concentration dans 

l'eau de la pate au cours de l'injection. A savoir, l'exces d'eau a ete trouve dans la pate 

extrudee et la teneur en eau privee a ete localisee dans la pate restante dans la seringue. 

L'application de la pression de refoulement provoque le deplacement du composant liquide 

de la pate a travers le reseau de poudre et se redistribue dans les pores. En d'autres termes, 

lorsque la pate subit une injection, elle est alors soumise a une pression totale d'injection, qui 

est la somme de la pression imposee a la fois la phase poudre et a la phase liquide presente 

dans les pores entre les particules de la poudre. La pression imposee sur la poudre est 
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responsable de la deformation du reseau en poudre, alors que la pression du liquide est la 

force motrice pour l'ecoulement de la phase liquide. 

En raison de la nature des particules de ceramiques et contrairement au liquide quand il est 

soumis a la pression hydrostatique, la pression d'injection appliquee n'est pas entierement 

transmis par la pate [Ferguson et d'autres. 1998 ; Lu et Lannutti 2000; Seetharaman 2005]. 

La friction inter particule et la friction des parois contribuent a une perte de transmission de 

pression d'injection. Une distribution de pression inhomogene arrive, qui mene a son tour a 

une distribution de densite poudree non uniforme. Cette distribution de densite peut etre tout 

a fait complexe, mais il est generalement observe que la densite maximum existe en haut pres 

du piston en mouvement et un minimum en bas pres cote stationnaire de la seringue qui est 

un phenomene bien connu dans les domaine de tassement des poudre et des pate fortement 

concentres [Ferguson et d'autres. 1998 ; Lu et Lannutti 2000; Seetharaman 2005]. Suite a la 

difference de pression appliquee a travers la pate, des gradients de pression liquides 

developpent dans le reseau de pores et conduit le flux du liquide relativement au reseau de 

poudre appele separation de phase liquide. En consequence, il aboutit a une distribution 

inhomogene de liquide avec un gradient en face de celui des gradients de pression liquides 

dans le reseau de pores. Cette decouverte a ete experimentalement supportee dans le 

troisieme chapitre. La ou on a montre que le gradient de contenu longitudinal d'eau de la 

pate restee a l'interieur de la seringue est le contenu le plus bas pres du piston avec une 

augmentation graduelle jusqu'au bout de seringue (l'image 3.7). De plus, quand les 

phenomenes bien etablis, la pate sous de contrainte de cisaillement forme une couche mince 

avec un haut contenu d'eau au surfaces de cisaillement qui sont les parois de seringue dans le 

cas de [Ouest et d'autres. 2002 ; Saaka et d'autres. 2001 ; Yu et d'autres. 1999]. L'image de 

resonance magnetique nucleaire (NMRI) de la portion non-injectee a l'interieur de la seringue 

de 40 % LPR pate a montre un contenu de gradient radial d'eau (l'image 7.1). Les valeurs de 

niveau haut en grises indiquent un contenue haut pres des parois avec la diminution 

graduelle vers le centre en tout les positions reste de la pate. De plus, les valeurs de niveau 

grises moyennes au plongeur, le milieu et a cotes de bee supportent l'existence de gradient 

contenu d'eau longitudinal (l'image 7.1). Puisque la rheologie de la pate est fortement 

determined par le contenu liquide ces changements du contenu liquide peuvent mener aux 
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changements significatifs du comportement de flux et produit un blocage au processus 

d'injection. Aussi, suite a cette separation d'eau, la qualite extrudee sera affectee 

significativement. Dans le troisieme chapitre, l'exces d'eau contenu a ete trouve dans 

I'extrusion. Cela affectera significativement la cohesion, des proprietes mecaniques et le 

comportement de I'extrusion [Bonner et d'autres. 2006] dans le meme chapitre il a ete trouve 

qu'on utilisant des taille relativement grande de seringue, augmentera la proportion de 

deformation syringe 

V rtozzel J 

. Et par consequent affecte enormement l'augmentation de la pression 

imposee a la pate qui causera a son tour un plus grand differentiel de flux entre la poudre et 

le liquide et un bas pourcentage injecte est obtenu. D'autre part on peut conclure qu'il y avait 

relativement peu d'effet de la longueur de canule sur la portion injecte. L'utilisation de la 

longue canule a legerement diminue le pourcentage d'injectabilite. Cela pourrait etre en 

raison de la distribution de la pression imposee pour des plus grandes longueurs, qui a abouti 

a une diminution dans le gradient de pression de pore par de la pate qui a a son tour diminue 

la vitesse relative d'eau. La separation de phase liquide a ete examinee en approprie a la 

vitesse d'injection dans le troisieme chapitre aussi. La grande vitesse a montre une 

redistribution inferieure d'eau et mieure injectabilite, en raison de la vitesse relativement 

basse de l'eau en ce qui concerne le reseau poudre. A des vitesses inferieures, il y a assez de 

temps pour l'eau separee pour permettre a la pate au fond de la seringue de devenir plus 

enrichi d'eau [Bayfield et d'autres. 1998]. En consequent, l'injectabilite de cette pate douce 

cosse initialement de plus petit force d'injection comme indique dans le graphique de force 

d'injection (Fig.3.5). Puisque la pate entiere perd de l'eau de par I'extrusion, la pate restee est 

devenue la secheuse (i.e., le contenu d'eau devient pres de la limite en plastique) et ainsi la 

pression d'injection augmente progressivement. Done, la signification de la vitesse relative 

du liquide a la vitesse du reseau poudre est claire. Selon la loi de Darcy, la vitesse relative 

liquide peut etre correlee au gradient de pression liquide et la permeabilite du reseau poudre 

[Bohner et Baroud 2005]. Le dernier parametre est determine par les proprietes des 

particules (la taille de particule, la distribution de taille, la forme, la limite en plastique, le 

secteur de surface specifique, la rugosite, fluabilite et la rheologie poudree), le reseau (la 

fraction de volume poudree), le liquide (la rheologie et la fraction de volume d'eau) et des 
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interactions chimiques entre la poudre et le liquide. Par exemple, si la permeabilite du lit 

empaquete de poudre est haute et la viscosite liquide est basse, des conditions pour le liquide 

pour avancer plus rapidement que la poudre sera promue [Patel et d'autres. 2007 ; Bonner et 

Baroud2005]. 

La taille des particules et la distribution sont importantes pour determiner la permeabilite. 

Dans le cinquieme chapitre, l'ajout de fines particules de remplissage a la poudre de reference 

a affecte non seulement I'injectabilite mais aussi la permeabilite de la poudre. La 

concentration et la taille de la poudre de remplissage ont ete jugees importantes et elles 

affectent la permeabilite et la poudre d'injection de pate. La poudre de remplissage avec un 

certain pourcentage pourrait fonctionner comme un lubrifiant et ameliorer I'injectabilite. 

Cependant, cet effet diminue lorsque la poudre de remplissage supplemental a ete ajoutee a 

la poudre de reference. Le plasma de poudre a faible permeabilite traite a montre un 

comportement d'injection excellent. Plus precisement, une pate entierement injectable et 

coherente a ete obtenue. Cela pourrait etre renvoye a la forme spherique des particules et a la 

distribution granulometrique large contenant des particules de nano, avec les grosses 

particules obtenues pour la poudre traitee, qui pourraient jouer a leur tour le role d'un 

lubrifiant, reduire l'interaction entre particules, accroitre l'ecoulement et minimiser la phase 

liquide de separation des phenomenes. Dans l'ensemble, la distribution granulometrique 

semble etre un facteur cle et nous avons vu une tendance dans le cinquieme chapitre, mais 

c'etait un processus tres difficile de manipuler la concentration et la taille de la poudre de 

remplissage afin d'obtenir le reseau ideal. 

Solution electromecanique pratique 

Avec le nouveau paradigme explique, une nouvelle voie d'ameliorer l'injection a ete proposee 

dans le sixieme chapitre. Sans aucun changement dans les compositions de pate, l'application 

de la resonation des ultrasonique lors de la livraison de la pate a considerablement ameliore 

l'injection de la pate faiblement injectable. La pate faiblement injectable a ete modifiee pour 

etre pleinement injectable a l'aide des ultrasons avec la force axiale. 
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Les ultrasons sont le plus souvent utilises pour la poudre de des agglomeration dans le 

laboratoire. Les forces mecaniques qui en resultent sur les particules agregees sont 

extremement fortes et elles continueront tant que la puissance acoustique est superieure a la 

valeur seuil de cavitation [Caupin et al. 2006]. Ces forces hydrodynamiques sont assez fortes 

pour briser les particules faiblement stabilisees, tels que ceux relies par les forces de Van der 

Waals [Caupin et al. 2006; Ring, 1996]. En outre, la force des agglomerats peut etre tres 

variable entre les particules et avec le temps, car les particules primaires sont reparties des 

agglomerats initiaux et remis en place pour former de nouveaux agglomerats plus faibles. 

Cela indique que les ultrasons peuvent evidemment empecher l'agglomeration des particules 

de poudre pendant le processus d'injection et maintenir une repartition homogene de l'eau au 

sein du reseau de poudre. En outre, elle diminue l'interaction des particules. Aux cotes de la 

repartition homogene du liquide, il resulte une amelioration de prononcer des proprietes 

rheologiques par la pate [Li et al. 2005]. La force d'injection minime associee a l'application 

a ultrasons (l'injectabilite faite en vertu de la gravite, dans quelques experiences avec 

seulement le poids de la sonde a ultrasons) a suggere cette amelioration des proprietes 

rheologiques de la pate. En effet, la faible consommation de puissance des ultrasons ainsi que 

l'amplitude relativement faible est necessaire pour eliminer les phenomenes de filtre-pressage 

qui pourraient arriver lors de l'utilisation du calcium substitut osseux de phosphate dans 

l'injection minimalement invasive. 

Contributions 

Le theme principal de la these philosophique est le concept de l'injectabilite. Le travail 

explore le concept de l'injectabilite du calcium phosphate de la pate a l'egard de son 

homogeneite. II explore egalement la notion de la separation de la phase liquide et sa 

contribution a l'injectabilite limitee du phosphate de calcium. Plusieurs parametres qui 

pourraient affecter l'injectabilite ont ete etudies, telles que la notion de permeabilite en 

poudre. Un dispositif de point de repere a ete developpe. A cet effet, et pour la premiere fois 

dans la litterature, les valeurs de permeabilite des composantes commerciales du systeme de 
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phosphate de calcium ont ete obtenues. La these s'attache a integrer ces concepts sur une 

solution pratique et representative pour le probleme existant d'injection limitee. 

Le tableau suivant resume les contributions de la these; 

• L'objectif fondamental de la these a ete de bien comprendre et de transmettre les idees et 

concepts concernant le calcium d'injection de ciment de phosphate vers une solution 

electromecanique pour le probleme d'injection limitee. 

• La principale contribution de la these est le systeme de livraison a ultrasons assistee qui 

propose le calcium phosphate de la pate entierement injectable sans aucuns additifs 

chimiques ajoutes a la pate. Cela aidera a fournir un moyen facile, pratique et medicalement 

securitaire pour l'injection du calcium phosphate hydraulique osseux de ciment. 

Les avantages techniques qui peuvent etre tires de cette etude concernent l'augmentation de 

l'efficacite economique du processus d'injection, en raison de la reduction des dechets de 

ciment dans la seringue et des operations technologiques et leur intensite energetique , ainsi 

que l'application d'un parent de materiel medical simple (seringue conventionnelle et un 

generateur a ultrasons). En outre, l'amelioration de la qualite extrudat se traduira par une 

amelioration consequente de la cohesion, la mecanique et la definition des proprietes du 

ciment. 

Perspectives 

Une seringue dont le piston est equipe d'un capteur piezoelectrique serait un chemin a 

explorer afin de mettre sur pied un prototype d'un systeme pour deposer le ciment sur l'os a 

traiter. Les caracteristiques de ce systeme piezoelectrique seront determinees a partir de 

l'etude de consommation menee dans ces travaux. D'un autre cote, un systeme d'injection a 

circuit ferme qui fonctionne en large bande frequentielle pourra etre developpe. Ce systeme 

sera capable de fournir l'amplitude ultrasonique necessaire afin d'assurer une injection 
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complete du produit, meme si les proprietes du ciment sont inconnues. Quant au piston de la 

seringue, il pourra etre equipe d'une cellule de charge qui permettra de controler son 

amplitude afin d'assurer une injection compete. 

Finalement, le modele analytique actuellement utilise ne tient pas compte de toutes les 

caracteristiques de la poudre utilise et de tous les parametres du processus. En effet, ce 

modele ne prend pas en compte des deformations du reseau forme par les particules de la 

poudre et d'autres parametres importants qui peuvent affecter 1'injection du ciment comme la 

rheologie de la poudre et les forces d'interaction liquide-particule. Par exemple, en utilisant 

ce modele analytique, une valeur importante de la limite d'ecoulement du ciment produit une 

augmentation de la pression d'injection et en consequence un phenomene de separation de 

phase pourrait avoir lieu. Cependant, en utilisant un ciment constitue de plasma dont la limite 

d'ecoulement est relativement elevee par rapport a un ciment de reference, a donne des 

resultats interessants d'injection. La poudre de plasma possede une large distribution, une 

forme presque spherique et des proprietes d'ecoulement superieures. Cependant, les 

changements des proprietes chimiques de la poudre pendant le traitement de plasma meritent 

d'etre etudies. 

Afin d'ameliorer le modele existant, divers aspects doivent etre pris en compte et plus 

particulierement ceux qui concernent les caracteristiques de la poudre et des differentes 

parametres du processus. Le modele a developper devrait s'interesser aux quatre gradients de 

pression qui contribuent au phenomene de separation de la phase liquide durant 1'injection de 

la pate de phosphate de calcium. 

1. Pression requise pour deformer la pate et l'injecter a travers 1'aiguille: 

La pression d'entree a l'aiguille peut etre exprimee par l'equation qui suit [Benbow and 

Bridgwater 1993]; 

(D 1 
AP, = 2 a , In -*-

\Un J 
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Ou; ay est la contrainte limite de la pate, Ds le diametre de I'aiguille et Dn est le diametre 

de I'aiguille. Dans ce gradient de pression, les proprietes geometriques et les proprietes 

rheologiques de la pate sont considerees. La contrainte limite de la pate indique la 

cohesion entre particules et les effets plastiques limites. 

2. Pression requise pour produire l'ecoulement de la pate a travers I'aiguille par 

capillarite : 

Ce gradient de pression peut etre obtenu par l'equation qui suit: [Bohner and Baroud 

2005]; 

AP = * , A * ' " 
p n 

Ou, AP, est la variation de pression qui doit etre appliquer sur un fluide pour produire un 

ecoulement de debit Q,. Up est viscosite du fluide, Dn est le diametre de I'aiguille and Ln 

etant sa longueur. Ce gradient de pression tient compte a la fois des proprietes 

geometriques de I'aiguille ainsi que les proprietes de la pate. 

3. Pression requise pour infiltrer le le liquide dans la poudre: 

L'equation de Kozeny-Carman est utilisee pour calculer la variation de pression necessaire 

pour infiltrer un fluide a travers un solide; 

150VOM,L (\-e)2 

Ou, AP est la variation de pression, L est la longueur total du corps forme par la poudre, 

Vo est la vitesse de surface, m est la viscosite du fluide, s est la porosite du solide, <D est 

un parametre de sphericite des particules qui constituent le solide, and Dp est le diametre 

de la particule solide. 

4. Pression de capillarite existante dans un systeme colloidal 
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Les proprietes chimiques surfaciques, les distances entre les particules de la poudre et la 

tension surfacique du liquide jouent un role important dans la determination de la 

pression de capillarite. L'equation d'etat de Young-Laplace equation states met en 

evidence que la difference de pression engendree est proportionnelle a la tension de 

surface y, et inversement proportionnelle au rayon effectif de la surface r. Cette 

difference de pression depends aussi de Tangle de contact 0 entre le liquide et la surface 

de capillarite [van Oss 1994]; 

AP = 2 r c o s 0 
R 

Dans un processus normal d'injection, la pression totale requise pour injecter la pate a travers 

l'aiguille de la seringue peut s'ecrire comme suit: 

Dans le cas d'une separation de phase dans le liquide, la pression requise pour I'injection doit 

etre superieure a celles de la permeabilite et de capillarite. La pression requise pour initier la 

separation de phase peut etre obtenue par l'equation suivante 

AP = AP , - A P 
p ^^ injection c 

Ce modele permettra de mieux comprendre le phenomene d'injection des pates et ouvrira des 

perspectives interessantes pour surmonter les limites d'injection dans les operations peu 

invasives. 
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