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Abstract. The use of pulsating water jet as a minimal invasive method for disin-
tegration of bone cement requires optimal determination of its machine settings
which effects the erosion depth. The volume of fluid required and the distance of
the nozzle from the bone cement surface during its disintegration are one of the
important machine settings for its in-vivo applications. Moreover, controlling of
the technology during its action without effecting the phenomenon responsible for
erosion is a challenging task. Therefore, in this study influence of variation of the
nozzle diameter and standoff distance on the disintegration depth have been stud-
ied. Acoustic emission signals in form of acceleration values, recorded during the
disintegration process are analyzed and correlated with the achieved groove depth
trends. The results showed similar trend of acceleration values and disintegration
depthwhen varying the nozzle diameter or standoff distance. Both the acceleration
and disintegration depth, increases with an increase in the standoff distance till an
optimal limit and decreases after it. Also, with the increase in the nozzle diameter,
disintegration depth and acceleration value increase due to increase in the water
flow rate. The analogy of recorded acoustic emission signals with the depth values
achieved during the process can be used in further studies for controlling of the
water jet process.

Keywords: Pulsating water jet · Bone cement · Disintegration depth · On-line
monitoring

1 Introduction

Bone cement or Polymethylmethacrylate (PMMA) is an important constituent for many
joint arthroplasty surgeries or operations. It is majorly used in cemented arthroplasty,
where it acts as a transfer medium of the body weight and loads during movement
from implants to the bone [1]. The load-carrying capacity and the stability of the whole
prothesis-bone cement-bone system increases. Bone cement is used to create a compact
space between the implant and the affected bone [2]. It is commercially available as
two separate components. One being the polymer powder, and the other is the liquid
monomer. Powder component contains initiators of the polymerization process, some
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agents which are opaque to X-rays and antibiotics if required. The liquid monomer con-
tains accelerators, stabilizers, and coloring agents for easier visual access. These two
components are usually mixed in a ratio of 2:1 or else as prescribed by the manufacturer
[3]. Proper techniques for mixing of the cement is required, which is important for the
longevity of the service life and load-carrying capacity of the bone cement. The primary
joint arthroplasty surgeries are majorly failed due to infection [4], aseptic loosening
[5], and cement bone interface failure of the prothesis-bone cement-bone system [6].
This medical condition requires a revision arthroplasty surgery in which the damaged
component in which case of hip arthroplasty can be either the acetabular or the femoral
component [7]. In both cases, the components have to be taken out of their position and
replaced with a new one. The removal of the fixed components from its position is the
major bottleneck of the whole revision joint arthroplasty procedure. It involves disin-
tegration and extraction of the well-fixed or hardened bone cement without destroying
or damaging the adjacent bone [8]. The bone present is compromised, and the proper-
ties of the bone change depending upon the age of the person undergoing the revision
surgery. Various methods for extraction of bone cement have been discovered and also
being used in which mechanical tools and means are most commonly used [9]. Cur-
rently, mechanical tools like chisels, high-speed burrs, hammers, and oscillating saws
are most commonly used in practice. However, chances of damage to the femoral shaft,
compromises its strength and post-surgery fractures increases [10]. Another method in
which mechanical tools are employed is the segmental extraction of bone cement [9].
This method is applied when the defect is in the femoral component and is tightly fixed
to the surrounding cement. Therefore, the entire bone cement is extracted in segments
to allow direct access to the femoral channel. The drawback of this approach is that
it can only be done through the posterior approach during the revision surgery [11].
Cortical windowing and extended trochanteric osteotomy approaches are also used in
some cases, but more blood and time loss is observed [12]. Cement in cement technique
is used [13] to overcome these limitations. In this technique, entire old bone cement
is not extracted. New cement is inserted in the femoral canal, where it mixes with the
old intact cement. It shows good results in terms of stability and strength of the whole
bone-bone cement-implant system. However, the presence of blood and debris in the
interface of the new and old cement can reduce the strength of the bond [14]. The next
area of exploration for the extraction of bone cement is using ultrasonic or high energy
waves. Extracorporeal shock wave lithotripter [15] and ultrasonically driven chiseling
system [16] are the examples of technique which uses ultrasonic energy to disintegrate
the cement mantle by melting it. The use of ultrasound waves to melt the bone cement
has also been researched [17]. The main disadvantage of this method is the generation
of high temperatures for the melting of the bone cement, which causes the induction of
heat into the adjacent bone and tissues causing thermal necrosis [18]. The use of laser is
also explored for extraction and removal of bone cement from the femoral canal. Solid-
state lasers such as excimer, Nd:YaG lasers have been experimented to disintegrate the
bone cement [19]. The demerits of these lasers are a slow disintegration rate and not
deeper disintegration grooves. CO2 laser showed a higher disintegration rate [20] but
was accompanied by awider thermal necrosis region and generation of toxic fumes at the
operation site during the process [21]. The next form of energy that was explored was the
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use of hydrodynamic energy generated by the high-speed flow of liquid and impacting
the material ahead of it [22]. The first use of pure water jet for the disintegration of bone
cement was carried out byHonl et al. [23]. The experiments showed promising results by
the use of water jet for extraction of bone cement. The motivation for using water jet for
the disintegration of bone cement is because it is a cold cutting process, which eliminates
the negative effect of thermal necrosis of neighboring bone and tissues [24]. Due to the
property of liquid to travel in a less resistive path, selective cutting can be performed
based on the mechanical properties of the materials [25]. Furthermore, the use of flexible
tubing allows regions to be reached that cannot be reached with other rigid tools cannot
reach [23]. As it is a continuous flow of liquid, so always a clean and new cutting edge is
achievable [16]. Pure waterjet and abrasive waterjet were used in past studies to predict
the feasibility of this technology to be used in vivo. Honl M. et al. [23] performed a
study for disintegration of bone cement and bone with pure water jet and abrasive water
jet. Using pure water jet, visible disintegration grooves were formed with a minimum
pressure of 40 MPa. Whereas, while using abrasive water jet, water pressure of 20 MPa
was sufficient for disintegration of bone cement. Kraaij G. et al. [26] used pure water
jet for cutting of periprosthetic tissue. Minimum water pressure of 10 MPa with 0.2 mm
nozzle diameter and 5 MPa with 0.6 mm nozzle diameter was sufficient to disintegrate
the tissue. Honl M. et al. [25] further compared pure water jet and abrasive water jet
erosion ability to disintegrate bone cement with different pressure levels. Rough cutting
traces were observed while disintegrating with pure water jet as compared to deeper and
uniform traces when abrasive water jet was used. However, with these advantages of
disintegration of bone cement or bone with pure water jet and abrasive water jet, some
limitations of the processes are also associated with it. High flow rate of water is required
for appropriate disintegration rate [26]. Also, non-biocompatible abrasives are also not
advisable to use during cutting of bone cement because of chances of infections [27].
Moreover, estimation and controlling of the disintegration depth during the water jet
process has been rarely studied in past. Overcoming these limitations, a hybrid version
of water jet technology with ultrasonic technology known as pulsating water jet has been
developed at Institute of Geonics Czech Republic [28]. The modified liquid is generated
due to induction of pressure fluctuation in the high velocity stream after it enters into
the high-pressure acoustic chamber. These pressure fluctuations are produced by the
sonotrode which is ultrasonically excited with help of piezoelectric crystal transducer
[29]. These pressure fluctuations are tuned in the high-pressure chamber by varying the
length of the chamber [30]. Standing waves are produced in the chamber whose ampli-
tude increase towards the nozzle exit due to the shape of the chamber. When it exits the
nozzle, these pressure fluctuations are transformed in variable axial velocity fluctuation
which causes the continuous jet to bunch up alternatively with regions of higher and
lower density of water cluster at some specific distances from the nozzle [31]. These
water bunches or slugs impact the surface of the material repeatedly causing damage to
the material by water hammer effect. These repetitive impingement of the water droplet
initiates erosion in the material with low technological input in terms of flow rate or
water pressure required [32]. The erosion of the material depends on different machine
settings such as pressure, traverse speed of the nozzle, nozzle diameter, standoff dis-
tance, acoustic chamber length, frequency and power of the sonotrode. The influence of
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these input parameters can be observed in form of erosion depth created by the action of
PWJ at different input parameters. However, to control or determine the erosion caused
during the process can be measured using on-line monitoring system such as recording
of acoustics emission signals [33]. Acoustic emission monitoring [34] gives informa-
tion about the dynamic events appearing during the deformation or disintegration of the
material without affecting the phenomenon responsible for erosion. The acoustic sen-
sors measure the surface energy generating due to formation of surface cracks and slips
inside the material due to the action of the impact of the jet in form of acceleration of
the material. These signals and values of the acceleration can be used for controlling the
technology during the disintegration process by the operator to achieve desired erosion
results.

In past literature, the influence of the input parameters on the disintegration of both
engineering and biomedical material has been studied, which confirms the hypothesis
that this technological modification of the water jet can be used for various applications
and needs further in-depth investigation. This paper deals with the study of the influence
of different nozzle diameter (d = 0.25 mm, 0.3 mm, 0.35 mm, and 0.4 mm) and the
standoff distance (z = 1–19 mm) on groove depth formed during the disintegration of
bone cement. The depth measured was further correlated with the acceleration value of
the acoustic emission signals detected on the bone cement during the experiments. This
correlation between the actual depth achieved and the acceleration values can lead to
on-line control of the technology while disintegrating bone cement.

2 Experimental Setup

C-ment 1 bone cement manufactured by Leader Biomedical was used during the exper-
iments [35]. It has a standard viscosity. Both components of the bone cement i.e. the
monomer liquid and polymer powder, are mixed manually. Heat is produced during
the polymerization process with a maximum of 70 °C. Dough formation starts after
approximately 1 min of mixing, and it ultimately sets within 8 min in the desired shape
or pattern. This bone cement was used for its better compressive strength (93 MPa),
bending strength (65 MPa), and intrusion depth for long-lasting results.

The experiments were conducted using Hammelmann HDP 253 high-pressure pump
with maximum operating conditions as 160 MPa at 67 l/min. A robot manipulator (IRB
6640-180) arm was used for the movement of the nozzle head. A circular nozzle of
varying diameters d = 0.25 mm, 0.3 mm, 0.35 mm, 0.4 mm was used to study the
influence of the groove depth created during the process. The trajectory of the robotic
arm with the nozzle head was programmed to follow a stair trajectory starting with
1 mm standoff distance with a consecutive step height distance 2 mm and a horizontal
distance of 15 mm in between the steps till 19 mm standoff distance (Fig. 1). The other
machine settingswere kept constant and have beenmentioned in Table 1. EcosonWJ-UG
630-40 ultrasonic generator was used to actuate the piezoelectric crystals, which further
transfers the oscillation to the sonotrode for the formation of pressure fluctuations. The
mean oscillating frequency of the vibrating sonotrode was kept at 20.20 kHz (Fig. 2).

For the on-line measurement of the acceleration values during the experiments, NI
PXI-1031measurement systemwas used. This system couldwork in theAC/DCmodule.
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Table 1. Experimental condition.

Frequency f
[kHz]

Pressure p
[MPa]

Nozzle
diameter d
[mm]

Standoff
distance z
[mm]

Traverse
speed v
[mm/s]

Chamber
length lc
[mm]

Material

20.20 10 0.25, 0.3,
0.35, 0.4

1–19 1 12 C-ment 1

Data collected were processed using LabView, sound and vibration measurement suite,
spectral measurement toolkit, and advanced signal processing toolkit. Accelerometers
used for detecting the vibrations were PCB-352A60 with frequency ranging from 5–
60,000Hz. 10 acceleration values for each standoff distance and experimental conditions
were used for statistical correctness and plotted against standoff distance (Fig. 3).

Fig. 1. Schematic representation of experimental setup with disintegrated bone cement material
at specific conditions.

For depth measurement, the disintegrated material was scanned using MicroProf
FRT, and the scanned files were processed for depth measurement by SPIP software.
Three depth measurements (located at 5 mm distant from each other) for each standoff
distance were considered for calculating the mean depth and its deviation from the mean
value for statistical correctness (Fig. 4).
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Fig. 2. Actual experimental setup with the different nozzles of varying diameters and accelerom-
eter used.

3 Results and Discussion

Figure 3 and Fig. 4 shows variation in the acceleration (ACC) and disintegration depth
(h) values with variation in the machine settings (d = 0.25 mm–0.4 mm and z = 1
to 19 mm), respectively. Acceleration values recorded during the process shows an
increasing nature till certain standoff distance depending upon the nozzle diameters
used during the experimental run. After reaching the maximal value, it decreases until
the maximum standoff distance. With an increase in the d from 0.25 mm to 0.4 mm, the
overall acceleration values increase for the entire range of standoff distance z – 1 mm
to 19 mm. This increase in acceleration (ACC = 3.55 m/s2, 5.75 m/s2, 10.03 m/s2

and 14.01 m/s2 for d = 0.25 mm, 0.3 mm, 0.35 mm and 0.4 mm respectively at z =
3 mm) values depicts faster movement of the disintegrated cement particles during the
experimental run. Higher acceleration values depict higher erosion phenomenon when
the material particles undergo stresses induced in it higher than its ultimate strength
(93 MPa), resulting in disintegration and tearing out of small particles from the bulk
material creating grooves. This is attributed to the increase in the volume of water
interacting with the bone cement surface such as while using a nozzle with d= 0.25 mm,
0.38 l/min volume of water is used as compared to d = 0.4 mmwhere 0.96 l/min volume
of water impacts the surface. For each nozzle diameter, the acceleration trend is similar
to increasing standoff distance (z = 1 mm to 19 mm). The increasing phase of the
acceleration values is due to the gradual formation of increasing amplitude of axial
velocity of the jet with an increase in the standoff distance [36]. After reaching a certain
standoff distance, the acceleration values begin to decrease till the entire range of standoff
distance selected for the study. The decrease is due to the aerodynamic resistance caused
by the surrounding air to the pulsed water jet. This resistance decreases the effective
energy of the jet with which it impacts the surface of the bone cement resulting in lesser
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movement of the material particles and lesser values of acceleration. For d = 0.4 mm,
ACC= 10.37m/s2, 14.01m/s2 and 8.18m/s2 at z= 1mm, 3mmand 19mm respectively.
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Fig. 3. Variation of acoustic emission acceleration (ACC) valueswith variation of nozzle diameter
(d) and standoff distance (z).

Figure 4 shows the depth of the grooves created during the experimental runs using
selected parameters. The depth curve shows typical groove depth variation generated
by PWJ with increasing standoff distance keeping all other parameters same. The depth
values increase up to a certain standoff distance then decreases gradually. Groove depth
was measured from the starting value of standoff distance z = 1 mm, for each experi-
mental run. The values of the disintegrated depth increase with an increase in the nozzle
diameter from d = 0.25 mm to 0.4 mm for the entire selected standoff distance range z
= mm to 19 mm. This is attributed to the increase in the volume of water (0.38 l/min
to 0.96 l/min) impacting the surface of the bone cement leading to the initiation and
propagation of cracks into the material and finally detaching from the parent material
(h = 577 µm, 625 µm, 699 µm and 772 µm for d = 0.25 mm, 0.3 mm, 0.35 mm and
0.4 mm respectively at z = 5 mm). For all nozzle diameter, the deepest groove depth
is recorded for z = 5mm, where the amplitude of the variable axial velocity fluctuation
is maximum, leading to the higher energy of the jet impacting the material. Beyond
this standoff distance, the negative aerodynamic drag comes into a role and lowers the
resultant energy of the jet interacting with bone cement. Therefore, the depth achieved
at z = 1 mm, 5 mm, and 19 mm are 651 µm, 772 µm, and 534 µm, respectively, for d
= 0.4 mm. The disintegration grooves formed by each nozzle diameter shows a uniform
width throughout its trajectory path.

By comparing Fig. 3 and Fig. 4, it can be inferred that on-line monitoring of the
process with the help of accelerometers and recording acceleration value can be used
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Fig. 4. Variation of disintegrated depth (h) with changing nozzle diameter (d) and standoff
distance (z).

to predict the relative depth or other information about the process. It can be observed
that the trend of both the curves is quite similar, with maximum values occurring at
approximately the same standoff distance. For instance, depth curve and acceleration
curve plotted for d = 0.25 mm and 0.3 mm has their respective maximum values at
z = 5 mm (For d = 0.25 mm and 0.35 mm, ACC = 4.19 m/s2 and 6.11 m/s2 and
h = 577.33 µm and 625.67 µm respectively). Also, the nature of the curve, which
is increasing till z = 5 mm and the gradual decreasing is similar. However, for d =
0.35 mm and 0.4 mm, the maximal value of acceleration and depth occurs for different
standoff distances (z= 5 mm for maximal depth and z= 3 mm for maximal acceleration
value). This measurement difference may be due to some error in the acquiring sensors
or while measurement of the depth profile. However, acquiring an acoustic signal during
the process can be used to predict and control the groove depth. It can be also be used
by the surgeons to adjust the machine settings under which they can achieve desirable
results. Moreover, if some changes in the signals occur during the process influenced
by the difference in the erosion nature, the operator or surgeon can control the process
easily.

4 Conclusions

The main aim of the experiment was to determine similarity in the curves between the
acceleration values recorded by acoustic emission sensors during the experimental run
and the depth of the grove generated during the same experimental run. The result of the
study concludes:
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1) The nature of both the acceleration curve (Fig. 3) and the groove depth curve (Fig. 4)
shows a similar trend and can be correlated to each other.

2) Acceleration values for a constant nozzle diameter, increases to certain standoff
distance and then decreases with further increase in the standoff distance (For d =
0.35 mm, ACC = 6.70 m/s2, 10.03 m/s2 and 5.735 m/s2 at z = 1 mm, 3 mm and
19 mm respectively).

3) Overall acceleration values of the bone cement subjected to water jet increase by
increasing the nozzle diameter, resulting in larger volume of water interacting with
the surface (For d = 0.25 mm and 0.3 mm, ACC = 4.19 m/s2 and 6.11 m/s2

respectively at z = 5 mm).
4) Depth curves also showa similar naturewhen increasing to a certain standoff distance

and then decreasing for higher standoff distances (For d = 0.3 mm, h= 618.67 µm,
699.33 µm and 456.33 µm at z = 1 mm, 5 mm and 19 mm respectively). Moreover,
the groove depth increases with the use of larger nozzle diameter (For d = 0.25 mm
and 0.3 mm, h = 577.33 µm and 625.67 µm respectively at z = 5 mm).

Acknowledgment. This study was supported by the Slovak Research and Development Agency
under Contract No. APVV-17-0490.

References
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