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A B S T R A C T

Hepatectomy, or liver resection, is a process by which through surgery part or all of the liver is
removed. In this operation, less bleeding, negligible damage and fast removal are the most
important requirements. Surgery through waterjet is one of the most efficient techniques which is
widely used in hepatectomy. Some clinical studies are conducted to investigate waterjet method
in liver resection. In the present study interaction of waterjet with liver during the process of the
surgery is investigated in terms of mechanical engineering.
For this purpose, a system of waterjet is designed to consider the interaction of waterjet with

liver at different nozzle diameter and velocities. For validation, SPH-FEM model is used to analyze
waterjet interaction with hyperelastic liver. In this model, liver cutting is simulated using element
deletion defined by a subroutine code based on maximum principal strain criterion. Depth of cut
along with degraded volume are measured experimentally and compared with simulated method.
Results show that good agreement exists between experimental and simulation finding. By

comparing depth of cut in the experimental and simulation results, it can be seen that liver
behavior changes from brittle to ductile by increasing waterjet velocity during the experimental
tests. For the simulation, maximum principal strain threshold is set to be between 0.1 and 0.4.
However, the best agreement between experimental and simulation results exists at maximum
principal strain threshold equal to 0.2. The findings can help surgeons to find the best working
range of waterjet device and the most efficient operation.

1. Introduction

Hepatectomy or liver resection is a surgical operation for the removal of part or all of the liver. The body can handle the removal of
up to two-thirds of the liver. Within 3 months of the surgery, the remainder of the liver will grow back to near-normal size [1]. When it
comes to the resection of the liver, fast removal, minimal blood loss, and negligible tissue damage are the most important parameters in
the operation [2,3]. Many interventions have been introduced in liver surgery to minimize the risk of postoperative complications
caused by excessive bleeding [4]. Techniques such as vascular occlusion [5] and low central venous pressure anesthesia [6] are widely
employed to minimize blood loss during hepatectomy. Various hemostatic devices, including the argon beam coagulator [7], ultra-
sonic coagulating shears [8], saline-linked radiofrequency technology [9,10], and vascular staplers [11], are implemented to control
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bleeding during liver resection. The finger fracture method, developed in the 1960s [12], enables liver parenchymal division while
preserving the integrity of hepatic vessels. Subsequently, the clamp crushing method [13], ultrasonic aspirators (UA) [14], and
waterjet dissectors [15,16] were introduced. However, the optimal procedure for liver resection, which ensures preservation of hepatic
vessels, minimal blood loss, and shorter procedure time, has not been specifically determined [17,18].

Studies demonstrate that the waterjet dissection technique offers swiftness, feasibility, oncological safety, and effectiveness in liver
resection surgery, reducing bleeding [15,17,19,20]. In addition, due to its uncomplicated technique, waterjet applications are widely
implemented, and its low cost facilitates its extensive use for economic reasons [20]. For instance, nowadays, efforts have beenmade to
utilize waterjet for tumor removal to minimize operation risks [21]. Ogawa et al. recently conducted a study on a novel technique for
removing hypophysis tumors in the skull base region. They applied the pulsed laser-induced liquid jet (LILJ) system, which efficiently
and safely removes tumors without causing harm to blood vessels and nerves [22]. Furthermore, Nakagawa et al. published a study on
the safety of using the LILJ system, concluding that waterjet is a safe method for removing lesions in the pituitary gland and its
surrounding area [23]. Endo et al. used an actuator-driven pulsed waterjet for the resection of brain and spinal cord cavernous
malformations [24]. Derakhshan et al. conducted an investigation into the interaction between a waterjet and the spinal cord,
including various meningeal layers, to establish threshold characteristics for a safe surgical procedure. Ensuring the safety of waterjet
characteristics is crucial to minimize treatment risks, particularly in proximity to vulnerable organs like the spinal cord and optic
nerves. Furthermore, they explored the impact of waterjet fluid density on the failure criteria of spinal cord surgery. The findings
indicate that dura mater, as stiffest layer of meninges, exhibits sufficient durability to safeguard the spinal cord against rupture at
pressures up to 8 bar [25,26].

Accurate modeling of the liver necessitates a profound understanding of its mechanical characteristics. Many studies have explored
the mechanical properties of the liver. Umale et al. conducted measurements of the mechanical properties of specific liver components,
such as Glisson’s capsule and hepatic veins [27]. Elvírez et al. examined the distribution of liver stiffness in Cuban adults without liver
disease and its correlation with age. Liver stiffness values ranged from 2.2 to 6.3 kPa, and the reference range (95% CI) for 110 subjects
without known liver disease was 4.2–4.6 kPa, with a mean value of 4.4 [28]. Other studies by Roulot, Corpechot, and Sirli reported
liver stiffness values ranging from 3.3 to 8.0 kPa, 2.5–6.9 kPa, and 2.3–8.8 kPa, respectively [29–31]. These studies, performed in
healthy individuals, established mean normal liver stiffness values ranging from 4.8 to 5.4 kPa [32]. Also, hyper-elastic properties of
the human liver using different models have proposed in various studies, such as the neo-Hookean model [33,34], Mooney-Rivlin
model [35–38], reduced polynomial models [39], Bogen model [33], and Ogden model [40–44]. The investigation of liver’s
hyper-elastic behavior under impact using a polynomial model has been carried out by Shao [45] and Miller [46].

Understanding how to model soft body tissue damage is another essential requirement for this project. Many studies have been
conducted to explore the biomechanisms of organ injury, with one commonly used criterion being the maximum principal strain.
According to this definition, injury occurs when strain values surpass the threshold for injury. Shigeta et al. employed a finite element
(FE) model to predict internal organ injury [47], while Shao et al. focused specifically on blunt liver injury resulting from impact on the
abdomen without rib cage fractures [45]. In these studies, the maximum principal strain value was utilized to assess liver injury under
high-speed blunt impact. Untaroiu et al. investigated the effect of tensile loading on liver injury and the corresponding maximum
principal strain value. Different loading rates ranging from 0.01 s− 1 to 10 s− 1 were employed, and the results indicated that the failure
threshold ranged from approximately 0.2 to 0.4, depending on the loading rate. Moreover, this threshold value decreased as the
loading rate increased [43].

One of the primary challenges in conducting in-vitro experimental investigations is the increasingly limited availability of fresh
human specimens. Moreover, obtaining such specimens in sufficient quantities becomes necessary to account for the wide scattering
effect caused by biological variability [48]. To address this issue, animal specimens are frequently used. Specifically, the histological
structure of the liver is found to be remarkably similar among humans, cows, sheep, and goats [49–51].

This study focuses on the design of a waterjet instrument to explore the interaction between the waterjet and sheep liver. The depth
of cutting is measured after applying the waterjet using nozzles with different diameters (0.2, 0.4, and 0.5 mm). Additionally, the
minimum velocity required to cut the liver is determined for each nozzle. Furthermore, a 3D finite element model is developed in
ABAQUS to simulate the interaction between the waterjet and the liver within the fixture. A VUSDFLD subroutine code is incorporated
into the main model to implement element deletion based on the maximum principal strain. The study investigates the effects of
various waterjet parameters and liver failure criteria on the depth of waterjet cutting through both experimental methods and FEM
analysis. It is worth mentioning that the damage threshold, depth of cut, degraded volume, and waterjet flow rate play a crucial role for
surgeons as they determine the optimal operating range of the waterjet device, allowing for the most efficient procedures with minimal
blood loss.

2. Material & methods

2.1. The waterjet apparatus

Fig. 1-I depicts a schematic representation of the waterjet apparatus, which incorporates nozzles of varying diameters (0.2, 0.3, 0.4,
0.5 mm) to achieve different waterjet caliber ranges. To ensure consistent water pressure throughout the experiment, a controller
system has been devised. This system features a microcontroller programmed in C++ that governs a solenoid valve to regulate and
maintain the water pressure. Additionally, a relay is employed as an actuator to adjust the air compressor and sustain the desired water
pressure. Consequently, the waterjet output velocity remains steady and constant throughout the testing phase.
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2.2. Waterjet velocity calibration

The speed of the waterjet can be determined using Bernoulli’s law, neglecting any energy losses. Eq. (1) presents the pressure
between point 1 and point 2.

1
2

ρV12+P1 + ρgh1 =
1
2

ρV22 + P2 + ρgh2 1

Point 1 is located within the tank, while point 2 represents the exit of the waterjet. In this system h1 and h2 are almost at the same
level and V1, P2 may be assumed to zero. So, Eq. (1) can be simplified as Eq. (2):

P1 =
1
2

ρV22 2

As anticipated, a significant amount of energy is expected to be lost at the micrometer nozzle. To examine the relationship between
waterjet velocity and pressure, a calibration procedure was conducted, and the results are presented in Fig. 1-II. It is worth noting that,
according to Eq. (2), the waterjet velocity should be consistent for all nozzles since the equation is independent of the nozzle’s
diameter. Fig. 1-III displays the volumetric flow rate (Q = V*A) of the waterjet in relation to the pressure for pure water. The rela-
tionship between waterjet velocity and pressure can be depicted through regression equations outlined in Table 1.

2.3. Experiments

The test is designed to explore the interaction between the waterjet and the liver. To facilitate this investigation, a fixture is created
using SolidWorks and Cura applications, as depicted in Fig. 2-a. The fixture is then fabricated using a 3D printer, as shown in Fig. 2-b.

Fig. 1. I) Schematic of waterjet instrument; a) computer and microcontroller, b) relay coil, c) AC electrical power, d) air compressor, e) tank
(pressure stabilizer) f) pressure gage, g) solenoid valve h) nozzle, green line: controlling signal, red line: electrical power line, grey line: air flow,
blue line: water flow II) Waterjet velocity calibration on gage pressure III) Volumetric flow rate of waterjet versus pressure.
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During the experiment, the waterjet is injected into the embedded liver within the sphere through a small hole (4 mm in diameter)
located on the top. The resulting cutting depth and damage area of the liver are measured. The design of the fixture and the waterjet
interaction are modeled after the operating principles employed by surgeons.

Samples are obtained from fresh sheep livers of the same race, male gender, with an average weight of approximately 47± 2 kg and
an age of 2 years. Each experiment is conducted using three different nozzles: 0.2, 0.4, and 0.5 mm. To enhance reliability, each case is
repeated five times. The nozzles are positioned 1 cm away from the prepared samples in order to prevent waterjet splash, as depicted in
Fig. 2-a. The tests are carried out immediately after the samples are prepared to minimize any alterations in the liver properties. To
measure the depth of the cutting, a liquid ink is added to the water tank (one percent in volume). Sufficient time (5 s) is allotted for
each test to ensure that the cutting depth reaches a stable state, although this is typically achieved in less than a second.

2.4. Finite element modeling

2.4.1. Part and property
A 3D finite element model is developed in ABAQUS to simulate the interaction between the waterjet and the liver within the fixture.

The model consists of three distinct parts is illustrated in Fig. 3: the liver (Fig. 3-a), the fixture (Fig. 3-b) and the waterjet (Fig. 3-c). The
fixture is treated as a thin rigid spherical structure with an inner diameter of 10 mm and a hole on the top. The liver is encapsulated
within the fixture. The mechanical properties of the liver are outlined in Table 2.

The waterjet part in the model represents a long, thin, cylindrical 3D deformable structure, with the thickness determined by the
nozzle inlet diameter. The physical properties of water utilized in the simulation are provided in Table 3.

2.4.2. Mesh
Due to the limitation of ABAQUS in analyzing large deflection of fluid materials using finite element method (FEM), an alternative

approach is employed for the waterjet part known as the Smoothed Particle Hydrodynamics (SPH) method. In this method, the
waterjet part is initially meshed using C3D8R type elements and Hex-structured shapes. Subsequently, the mesh is converted into
particles. The approximate global size of the meshes is around 0.08 mm. To facilitate the analysis, the waterjet part is partitioned into
four sections from the cross-section.

The liver part is meshed using C3D8R Hex-structured shape elements with an approximate global size of 0.1 mm. For this part, the
option of element deletion should be selected. To obtain higher quality meshes, the spherical portion of the liver is divided into eight
symmetrical parts. Despite being a rigid component, the fixture needs to be meshed in ABAQUS like the other parts. It is advisable to
use finer meshes for the fixture compared to those used for the liver.

Table 1
Regression equations of waterjet velocity on gage pressure.

Nozzle caliber (mm) Regression equation, P(bar),ρ
(
kg /m3),V(m /s) Standard Deviation (m /s)

Bernoulli’s law
V =

(
2*P*105

ρ

)0.5 ____

0.2
V =

(
2*0.617728*P*105

1000

)0.522187 0.664

0.3
V =

(
2*0.139944*P*105

1000

)0.556161 0.255

0.4
V =

(
2*0.297553*P*105

1000

)0.554777 0.302

0.5
V =

(
2*0.181032*P*105

1000

)0.570084 0.442

Fig. 2. a) designed file for fixture in SolidWorks and Cura, b) built fixture by 3D printer.
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Fig. 3. Three parts of model: a) Liver, b) Fixture and c) Waterjet and d) Initial and boundary conditions of model.

Table 2
Mechanical properties of the liver part used in FEM model [43].

Type 3D, Deformable,
Homogenous, solid

Density (uniform distribution) 1.1 g/cm3

Hyper-elastic (polynomial order 2) C10 ¼ C01 ¼ 6206 Pa;
C20 ¼ C02 ¼ 3492 Pa;
C11 ¼ 0;
D1 ¼ D2 ¼ 0;

Table 3
Physical properties of waterjet part used in FEM model.

Type 3D, Deformable,
Homogenous, solid

Density (uniform distribution) 1 g/cm3

Viscosity (at 20 Co) 1 mPa
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2.4.3. Step
A dynamic explicit step is defined to investigate interaction behavior after initial step. In this step, Nlgeom (geometric nonlinearity)

should be turned on because there is large deflection and magnitude of the displacements affects the response of the structure.

Fig. 4. a) Waterjet cutting parameters in cross section of FEM model, b) Normalized depth of waterjet pierce for experimental tests.
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2.4.4. Interaction
An interaction is defined in dynamic explicit step between all parts surface. With this definition, waterjet nodes, liver elements and

fixture elements have interaction with each other during the simulation. All contacts and interactions are defined as frictionless.

2.4.5. Load
Initial velocity of waterjet nodes is applied in Initial step and computed in Dynamic step. Also, in boundary conditions, fixture pert

could be fixed in all rotational and translational motions. This boundary condition is created in initial step and propagated to Dynamic
step (Fig. 3-d).

2.4.6. Job
ABAQUS software is unable to delete the elements with a certain stress or principal strain by default. This limitation can potentially

be overcome by implementing appropriate subroutine codes. A VUSDFLD code is written based on maximum 3D principal strain and
applied to the model in the job module. Subroutines are commonly written in FORTRAN, often using Intel Fortran as the programming
language. Intel Fortran Compiler works under Microsoft Visual Studio. Consequently, ABAQUS, Intel Fortran and Microsoft Visual
Studio must be compatible and linked to one another. A counter is included in the subroutine code to print the number of eliminated
elements and their ID in the output text file. It is important to highlight that simulating this model is a computationally intensive task
that requires significant CPU resources and time. Typically, each simulation run takes more than 24 h when employing parallelization
mode with 8 processors distributed across 8 domains, utilizing approximately 90 percent of the CPU performance.

2.5. Ethics statement

All the tests conducted in this study utilized livers that were obtained from sheep carcasses, and no procedures were performed on
human bodies. Also, no anesthesia, euthanasia, or any form of animal sacrifice was involved in this study.

3. Results and discussion

Fig. 4-a represents schematic diagram of liver sample cross section during waterjet cutting. In this figure Dp is liver diameter (10
mm) and C is the depth of waterjet cutting. Fig. 4-b shows the experimental normalized depth of waterjet cut (C/Dp) versus waterjet
velocity with pressure up to 2.5 bar.

To observe the trend of normalized depth versus waterjet velocity, a polynomial regression curve is fitted based on experimental
findings for different nozzle diameter. In this figure, curve fitting is based on mean values of normalized depth. While red vertical bars
represent the scattering of data around the mean values.

The minimum jet velocity required to penetrate the liver may be defined as V_di. The velocity needed to achieve a waterjet cutting
depth equal to the entire sample thickness is defined as V_da. The values of V_di and V_da depend on liquid density and nozzle
diameter. The experimental values of V_di and V_da for different nozzles are presented in Fig. 4-b and Table 4. The scatter data of V_di
around the mean value is shown by horizontal red bars on the x-axis of Fig. 4-b.

V_di and V_da decrease as nozzle diameter increases. For the same waterjet velocity, cutting depth increases with increasing nozzle
diameter.

In finite element method, the maximum principal strain required for failure of the elements briefly indicated by MPS. This value
varies from 0.2 to 0.4 for liver depending on loading rate [43]. Fig. 5-II shows experimental and simulated normalized depth of cut
versus velocity for nozzle of 0.4 mm in diameter with different MPS. As shown, as the MPS increases from 0.1 to 0.4, the cutting depth
decreases for the same waterjet velocity, while the V_di and V_da values increase.

In waterjet interaction with substrate (liver), two parameters are of importance in cutting. The first parameter is the impact of
waterjet with the substrate in which the rupture takes place in elements close to surface and in early moments of interaction (Fig. 5-IV-
a). Then with the penetration of waterjet into the greater depth, the stress applied by the waterjet on the elements causes the rupture of
the tissue (Fig. 5-IV-b).

In other words, when the waterjet velocity is near to V_di, the first parameter is the primary factor influencing the cutting process.
This is because, at velocities close to V_di, the waterjet can only pierce facial elements, resulting in a high loading rate upon impact.
Consequently, given the high loading rate, it is anticipated that MPS would approach its minimum value for the liver (0.2). This
observation indicates that, under these conditions, the substrate exhibits behavior characteristic of a brittle material. It is well-
established that rupture occurs in brittle materials at lower strain levels.

As the velocity increases, the waterjet can penetrate deeper elements, making the second factor more influential. In this scenario,
with an increase in cutting depth, the presence of fluid viscosity diminishes the waterjet’s penetration. Consequently, the strain rate of

Table 4
Experimental values of V_di and V_da for different nozzles and their flow rates.

Nozzle Caliber (mm) V_di (m/s) Q (ml/s) V_da (m/s) Q (ml/s)

0.2 11.3 0.42 23 0.86
0.4 7.7 0.95 16.8 2.13
0.5 4.5 0.84 14.6 2.72
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internal elements decreases. It is expected that MPSwould approach its maximum value for the liver (0.4), indicating a ductile material
behavior in the substrate.

Indeed, it may be claimed that for velocities close to V_di, the substrate behaves as a brittle material, while as the velocity increases,
it tends to a ductile material. This statement is observable in the comparison of experimental and FEM results in Fig. 5. With an increase
in waterjet velocity, the curves related to the experimental results in Fig. 5-I, Fig. 5-II and Fig. 5-III tend to shift from the MPS = 0.2
curve towards the MPS = 0.4 curve. Fig. 5-I and Fig. 5-III also present normalized depth of waterjet cutting for nozzle diameter of 0.2
and 0.5 mm at different velocities.

In liver resection with waterjet, the removal of injected liquid and blood is accomplished using a suction tool. The flow and debris
removal within the surgical area are critical parameters in waterjet surgery. The volumetric flow rates of the waterjet at V_di and V_da
for various nozzle sizes are outlined in Table 4. Notably, the minimum flow rate is observed for a nozzle diameter of 0.2 mm. This
implies that for a successful surgery with the least flow rate, a nozzle with a diameter of 0.2 mm would be an appropriate choice.

Fig. 6-a shows normalized depth of cut obtained using FEM for different nozzles with MPS = 0.3.
In addition to considering the depth of the cut, further investigation of the degraded volume could provide a better understanding

of the situation. The subroutine code has the capability to count the number of deleted elements and record their IDs in a text file. At
the end of each iteration of the simulation, the code calls for the calculation of strain matrix and other requested outputs. 3D principal
strains are then calculated. If the maximum principal strain of each element exceeds a certain threshold (referred to as MPS), the
element is deleted in that particular iteration. This process continues until the simulation is completed.

Fig. 6-b shows qualitative diagram of the normalized degraded volume in terms of waterjet velocity for different nozzles and MPS
= 0.3. Normalized degraded volume may be defined as ratio of the number of deleted elements (Nd) to the total number of pituitary
part elements (Nt). Fig. 6-c represents Fig. 6-b in logarithmic scale for vertical axis.

Fig. 5. Normalized depth of cut versus velocity for nozzle I) 0.2 mm, II) 0.4 mm, III) 0.5 mm, IV) schematic view from two factors of water-
jet cutting.
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As shown in Fig. 6-a, there is no significant difference between depth of cut versus waterjet velocity for nozzles 0.4 and 0.5 mm.
Whereas Fig. 6-b indicates degraded volume for nozzle with diameter of 0.5 mm is more than nozzle with diameter of 0.4 mm.

4. Conclusion

With the increasing use of waterjet in today’s world, this method has found many applications in medicine. One of these appli-
cations is resection of liver. In this work, interaction of waterjet with pituitary gland is studied. For this purpose, a waterjet setup is
designed to investigate effects of different parameters of waterjet on cutting depth and degraded volume. Also, a 3D finite element
model is employed to compare simulation and experiment results. A VUSDFLD subroutine code is imported into FEM model to define

Fig. 6. a) Normalized depth of cut and b, c) Normalized degraded volume in terms of waterjet velocity for different nozzles and MPS = 0.3.
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element deletion based upon maximum principal strain.
The results indicate that, for a given waterjet velocity, the depth of cut increases as the nozzle diameter increases, while V_di and

V_da values decrease with increasing nozzle diameter. Additionally, the simulation findings reveal that by increasing the MPS from 0.1
to 0.4, the cutting depth decreases at a constant waterjet velocity, while the V_di and V_da values increase.

The cutting of the liver is influenced by two parameters. The first, due to impact that has major role in early moment of interaction
and applied to elements in close proximity to the surface. The second, in the following, as a consequence of stress applied by waterjet
on deeper elements. In other words, for waterjet velocities close to V_di, the first parameter becomes more significant, leading to the
liver behaving like a brittle material. However, as the waterjet velocity increases, the second factor assumes a more important role,
causing the liver to exhibit characteristics of a ductile material. This observation can also be confirmed by comparing the depth of cut
in experimental and simulation results, as the velocity of waterjet increases, experimental results tend to larger MPS.

By considering volumetric flow rate in waterjet technique, results advise that nozzle with 0.2 mm is suitable choice to have suc-
cessful surgery with minimum flow rate. In addition to analyzing the depth of cut, investigating the degraded volume is important and
can provide valuable insights for a better understanding of the cutting process. The degraded volume for the nozzle with a diameter of
0.5 mm is greater than that of the nozzle with a diameter of 0.4 mm, despite there being no significant difference in the depth of cut
versus waterjet velocity for these nozzles.
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