Preliminary analysis of volume material removal at bone cement disintegration by pulsating water jet
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Abstract
The article deals with preliminary analysis of material removal during disintegration of bone cement. This article was created to show possibilities of pulsating water jet utilization in medicine. Experiments with pulsating water jet were done using two types of nozzles - flat and round. Traces in bone cement were measured by optical profilemeter MicroProf FRT. Results show that pulsating water jet will be possible focuses as a tool for medical purposes, but further detailed research is needed.

Introduction

Achievement of implantation of total hip joint replacement and its long-term life depends on many factors, which include: the correct surgery indication, patient preparation, proper realization of the surgical operation, the surgeon's experience, technical equipments, conditions in the operating room and the post-operative care (Hloch et al. 2011), (Majerová & Modranská 2006). The components of endoprosthesis have to withstand the cyclic loading for many years, what satisfies to the weight of the human body at least three to five times. Implantation of metal, ceramic or plastic substitutes into the human body can cause many problems that lead to the failure of total endoprothesis (Hloch et al. 2011), (Sosna et al. 2001), (Sosna et al. 1999).

Problem definition

At the failure of total endoprothesis, the reimplantation is needed, what means that the freed endoprothesis is replaced (Nečas et al. 2003) and that is why the bone surgery requires the precise technique. Classic division even today uses conventional instruments. In the past, there were chisels and handsaws, currently there are used pneumatically operated saw and high speed milling cutter. Bone, however by responds very sensitive to the temperature and time of its actuating. The aforementioned tools cause irreversible damage of bone tissue in femoral canal working. Damage to this tissue is irreversible. It leads to the necrosis and inadequate bone healing Even at the time of action of about 10 seconds at 57 °C, however conventional tools can in some cases generate a temperature higher than 100 °C, resulting in destruction of the cells on the tissue (Hloch et al. 2011), (Eriksson et al. 1984), (García et al. 2004), (Goran et al. 2008), (Hillery & Shuaib 1999), (Modrák 1993).

Unfortunately, number of degenerative joint diseases (osteoarthritis) is constantly increasing in the last period, what represents a significant medical, economic and social problem in regard of diseases importance, therapeutic complications and relatively frequent disability of person (Hloch et al. 2011), (Novotná & Modranská 2006). In order to be the replacement of damaged prosthesis allowed, it is necessary to destroy the interface between the bone and a femoral stem, where the interface is formed by bone cement - polymethylmethacrylate (PMMA). The traditional tools (such as drills or oscillating saws) are used for the destruction. However, there are a large number of disadvantages associated with the utilization of these tools, such as high risk of fragmentation, cracking and various other complications connected with reimplantation of total hip joint (Hloch et al. 2011).
The main goal of the experimental investigation described in this paper was to determine the influence of selected factors of pulsating jet (pressure and stand-off distance) on the volume removal of PMMA.

New approach to the problem solution - application of PWJ

Currently, new possibilities of solving of the above mentioned are available, e. g. using pulsating water jets (PWJ) for disintegration of PMMA. The great advantage of this method is the selective material removal by a cold water jet, with no heat affected zone generated. Another advantage is the possibility of using low pressures to break the interface created by PMMA (Hloch et al. 2011).
Technology of cutting PWJ was the subject few research works. Insufficient attention has been paid up to now to the process of volume material removing PWJ and also its principle. This removal is dependent on factors such as traverse speed, stand-off, nozzle type, type of water jet, the frequency of pulsation and pressure (Hloch et al. 2011).
Material being tested

In order to verify the possibilities of PWJ application in bone cement disintegration, the experiments were performed on experimental materials under the experimental conditions. Material, which has been experimented with, is called polymethylmethacrylate (PMMA) - bone cement. PMMA is a thermoplastic material from the group of synthetic organic polymers. It has a fine grain structure, high viscosity, excellent biomechanical properties and long term stability. PMMA is prepared by mixing the powder and liquid components. The result is a fluid mass, which hardens to a solid material in 8-10 minutes. Its temperature increases up to 62 °C, during solidification (the ISO standard allows the temperature increase up to 90 °C.) (Hloch et al. 2011), (Vertebroplastika 2013).
In this article were compared 2 samples of PMMA to illustrate the experiments (Fig. 1, Fig.2, Tab. 1).
Tab. 1. Characteristics of experimental material (Hloch et al. 2011)
	No.
	Trade name
	Identification
	ATB
	Weight
	Colour
	Consistence
	Type of mixing

	1. Fig. 1
	Palacos R
	C1, C2
	no
	40 g
	green
	dense
	vacuum

	2. Fig. 2
	Palacos R+G
	D1, D2
	yes
	40 g
	green
	dense
	vacuum


Experimental set up 

The tests were performed at the Institute of Geonics of the ASCR in Ostrava – Poruba. The 2D X-Y cutting table PTV WJ2020-2Z-1xPJ with inclinable cutting head, specially designed for cutting with water and abrasive water jet was used for tests of disintegration of PMMA using continuous water jet (Fig. 1). The water pressure was generated by PTV75- 60 pump with two pressure intensifiers (operating pressure of 40 ÷ 415 MPa, max. rate of 7.8 l/min at 415 MPa). Cutting traces were created at pressure p = 40, 80, 120 MPa using nozzle orifice diameter d = 0.1 mm. Pulsating water jet was used in the second test of disintegration of bone cement samples (Fig. 2). Technological set up consisted of plunger pump Hammelmann HDP 253 (max. operating pressure of 160 MPa, maximum rate of 67 l/min) and a robot ABB IRB 6640-180//2.55 Master for handling of water jet cutting head. Pulsations were generated by ultrasonic device Ecoson WJ-UG_630-40. Technological conditions of tests are listed in Tab. 2.
Experimental test were performed with flat and round circular nozzles and following factors combination (Hloch et al. 2011):
· at flat nozzle (Fig. 1) with a diameter 0.8 mm, it was performed 7 tests of material removal by PWJ.  The distance of the nozzle and material varied between 3-7 mm. One test will incorrect setting was done (Hloch et al. 2011).
· at round circular nozzle (Fig. 2) with a diameter 0.7 mm, it was performed 4 tests of material removal by PWJ. The pressures varied from 8 MPa to 20 MPa with an increasing step 4 MPa and the nozzle stand-off from material was at a distance of 2 mm in all 4 tests (Hloch et al. 2011).
[image: image1.emf]
Fig. 1. Samples C1, D1 Palacos R mixed in vacuum (Hloch et al. 2011)
[image: image2.emf]
Fig.2. Samples C2, D2 Palacos R+G mixed in vacuum (Hloch et al. 2011)
Depth of the traces, created by PWJ, was measured over an area 4x4 mm using an optical profilometer MicroProf FRT at the Institute of Geonics AS CR in Ostrava. It is possible to create 2D and 3D profiles with this device, at which the differences in the depth of the grooves are visible in detail (Hloch et al. 2011).
[image: image3.emf]
Fig. 3. Measurement of the sample by optical profilometer Micro Prof FRT (Hloch et al. 2011)
Results and discussion

On the basis or carried out experiments, the disintegration tests on PMMA are described the tables (Chyba! Chybný odkaz na záložku. and Tab. 3). When individual parameters varied (nozzle type, nozzle diameter, feed rate and stand-off distance of the nozzle from the material), the changes in volume material removal occurred, too. Total 11 tests of material disintegration tests were performed at various pressures and stand-off distance of the nozzle from material. Seven tests in the first series were carried out using flat nozzles with parameters presented in Chyba! Chybný odkaz na záložku.. Round nozzle was used in other four tests in the second series of measurements (Tab. 3) (Hloch et al. 2011).

Tab. 2. Tests on PMMA by means of flat nozzle (Hloch et al. 2011)
	Parameters for group of samples no. 1

	Nozzle type
	Equivalent nozzle diameter
	Travese speed
	Frequency of  pulsations
	Position of the face of sonotrode A

	flat, splash angle 10°
	0.8 mm
	60 mm/min
	40 kHz
	12 mm

	Run 
	1
	2
	3
	4
	5
	6
	7

	Pressure (MPa)
	20
	20
	20
	16
	12
	12
	8

	Jet type
	Continual
	Pulsating
	Pulsating
	Pulsating
	Pulsating
	Pulsating
	Pulsating

	Stand-off distance (mm)
	4
	Incorrect set up
	7
	7
	7
	4
	3

	Volume material removal from the area 
4x4 mm (µm3)
	C1
	-
	-
	-2.15x1010
	-1.17x1010
	-7.14x109
	-1.54x1010
	-1.07x1010

	
	D1
	-
	-1.68x1010
	-2.13x1010
	-1.80x1010
	-3.35x109
	-1.40x1010
	-9.40x109


Tab. 3. Tests on PMMA by means of round nozzle (Hloch et al. 2011)
	Parameters for group of samples no. 2

	Nozzle type
	Equivalent nozzle diameter
	Travese speed
	Frequency of  pulsations
	Position of the face of sonotrode A

	round, sapphire
	0,7 mm
	60 mm/min
	40 kHz
	0 mm

	Run 
	1
	2
	3
	4

	Pressure (MPa)
	8
	12
	16
	20

	Jet type
	Pulsating
	Pulsating
	Pulsating
	Pulsating

	Stand-off distance (mm)
	2
	2
	2
	2

	Volume material removal from the area 4x4 mm (µm3)
	C2
	-3.55x109
	-1.43x1010
	-2.01x1010
	-2.09x1010

	
	D2
	-1.17x1010
	-1.11x1010
	-1.11x1010
	-6.21x109


The main goal of the research was to compare volume material removal from the area of 16 mm2. There were compared two operating parameters during the tests: stand-off- distance of nozzle from the experimental material and pressure. The results were evaluated on the basis of differences in the volume of material removal, realized by PWJ, depending on the change in pressure, nozzle type and distance between the nozzle and material (Hloch et al. 2011).
The following table (Chyba! Chybný odkaz na záložku.) shows the comparison of two selected grooves observed on two samples of PMMA (Fig. 1, Fig.2), which were created at a the pressure of 12 MPa and using flat nozzle. These grooves varied depending on the change of the stand-off distance between the nozzle and material (4 and 7 mm) (Hloch et al. 2011).

Tab. 4. The comparison of material removal using of flat nozzle at the lift change (Hloch et al. 2011)
	Factors no. 1
	Groove no. 5
	
	Factors no. 1
	Groove no. 6

	pressure, jet type
	lift
	
	pressure, jet type
	lift

	pressure 12 MPa, pulsating
	SOD 7 mm
	
	pressure 12 MPa, pulsating
	SOD 4 mm

	Sample mark
	Volume material removal (µm3)
	
	Volume material removal (µm3)
	Sample mark

	C1
	-7.14x109
	>
	-1.54x1010
	C1

	D1
	-3.35x109
	>
	-1.40x1010
	D1


In the second comparison, the variability in volume material removal was observed with the change of operating pressure round nozzle type. In the table below (Tab. 5) are compared two selected grooves on two PMMA samples, which were created at a fixed stand-off distance 2 mm between the nozzle and material. The depth of the grooves varied depending on the change of operating pressure 12 MPa and 16 MPa. (Hloch et al. 2011).
Tab. 5. The comparison of material removal using of round nozzle at the lift change (Hloch et al. 2011)
	Factors no. 2
	Groove no. 2
	
	Factors no. 2
	Groove no. 3

	pressure, jet type
	lift
	
	pressure, jet type
	lift

	pressure 12 MPa, pulsating
	SOD 2 mm
	
	pressure 16 MPa, pulsating
	SOD 2 mm

	Sample mark
	Volume material removal (µm3)
	
	Volume material removal (µm3)
	Sample mark

	C2
	-1.43x1010
	<
	-2.01x1010
	C2

	D2
	-1.11x1010
	<
	-1.27x1010
	D2


As it was already mentioned, the main objective of the research was to determine the influence of selected parameters (change of the pressure and stand-off distance) on the volume of PMMA material removal. After the experiments and measuring of grooves on each sample by optical profilemeter MicroProf FRT (Fig. 3), the results were compared and following findings were obtained.

In the first series of measurements, when using flat nozzle (Fig. 4), at the pressure 12 MPa and at the stand-off distance 7 mm between the nozzle and material, the samples showed higher removal of material compared to the same pressure and stand-off 4 mm (Fig. 4). Greater removal also showed sample D1 at the pressure 8 MPa and distance 3 mm. Despite of this, at the same pressure, the sample C1 showed the lowest volume of material removal. Thereby it is not possible to consider the measured value of volume removal at sample D1 as authoritative in this evaluation. But in another measurement with similar technological parameters, a similar situation occurred, so it will be necessary to investigate in more detail the volume material removal within these parameters of measurement: pressure 12 MPa - 8 MPa, stand-off 7 mm - 3 mm respectively 2 mm).

From given measured values at both samples however result, that the highest volume removal of PMMA was under the actuating of pressure of 12 MPa and at the stand-off of flat nozzle 7 mm. These conditions appear to be best suited for disintegration of PMMA, but additional measurements will be needed.

[image: image4.emf]
Fig. 4. Graphical presentation of tests no.1 on PMMA at flat nozzle
Grooves stand-off recorded in Fig. 5 were compared at constant parameter of round nozzle - 2 mm. The maximum volume removal of material was, in this series of measurements, observed at a pressure of 20 MPa and 8 MPa. Removal at pressure 20 MPa shows some abnormality and there is possibility that in this measurement were not respected all prescribed parameters. As for the result at pressure 8 MPa, it only confirms previous finding, namely that it will be necessary to carry out next measurements, which will confirm this finding.

[image: image5.emf]
Fig. 5. Graphical presentation of tests on PMMA at round nozzle
Conclusion

The results obtained in this part of work will serve as a aid for next experimental investigation of PWJ using within PMMA disintegration. Obtained data will be a valuable source of information needed in the continuing research.

The importance of this investigation is evident, especially from the view of science and research, at which a man's life should be in the first place. This research directs towards to the finding of the ways how to improve a person's life, specifically in simplifying surgical procedure and less destructive interference with the human body at reimplantation of total replacement of endoprothesis. Easier convalescence of a person after surgery represent another man´s life improvement.
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