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ABSTRACT

In the current scenario, minimally invasive surgery tends to be a leading surgical
procedure in the medical area and has gained importance over open-cut surgery. Surgeries used
by the traditional open-cut method are replaced with laparoscopic surgeries for cosmetic
fineness. So, attention is now being turned to the latest equipment and surgical procedures to
permit the surgeons and patients to use economic and environmentally friendly approaches
based on instrument design and quality. A Minimally invasive procedure is used to perform
surgery on the organs of the abdominal cavity of patients or to diagnose alterations. In
minimally invasive surgery (MIS), laparoscopic surgical procedures are widely used as only
small incisions are made during surgery. Despite its potential demand, the surgeons undergo
fatigue and stress due to the existing design features of the instruments used. During
laparoscopic surgery, the surgeons experience some difficulties due to a few deficiencies in the
design of the laparoscopic instrument. The suction and irrigation, dissector, and CO- insufflator
devices play an essential role in laparoscopic surgery. However, the amount of work done
concerning these aspects by researchers worldwide is limited.

A laparoscope is used for manipulating the infected organ in minimally invasive
surgical procedures. During surgery, blood often oozes out of the operated tissue, which has to
be sucked out by the Suction-Irrigation (S-1) device. Thus S-I devices are used to clean and
disinfect the abdominal cavity during surgery to enable safe and efficient inspection of the
surgery area. Blood and other body fluids are sucked out as when required by the surgeon, and
the site of surgery is irrigated with a disinfectant liquid, like saline water. In most surgeries,
the dissector forceps, and S-1 device are exchanged repeatedly and many times to operate and
clean the site of surgery.

The objective of the research work is to introduce a new design of an instrument that

combines the functionality of forceps with that of an S-1 device. Currently, the above two



operations have to be carried out sequentially, which adds to the time and effort of the surgeon.
Integrating these features within the same device will ensure that both processes can occur
using a single device and may be repeated without exchange of additional devices through the
incision as and when required, without unnecessarily removing the device. This reduces the
time lost in swapping them, thereby reducing the surgery time and additional effort by the
surgeon.

This research proposes a modified design by combining the suction-irrigation features
and CO: features with the laparoscopic dissector. The modified design is first modeled in
SolidWorks and then analyzed for fluid flow using ANSYS Fluent. Parametric analysis was
performed to obtain the optimal design for the proposed multi-functional instrument, which
will potentially improve the overall efficiency of the laparoscopic surgical process.

Computational fluid dynamics (CFD) studies were done on the modified laparoscopic
instrument which is designed to work both as a suction-irrigation device and as a surgical
forceps. Therefore, for a more comprehensive CFD flow analysis of the improved forceps, the
flow of cleaning fluid is simulated in the present work for different driving pressures. Five
different pressure differences have been used to study the performance of the new design in
terms of the resulting mass flow rate in both suction and irrigation modes. Initially, the forceps
were designed to achieve a better mass flow rate than the currently used S-I device. As the
mass flow rate resulted was too less, then the protrusion design was moved from the connector
end of forceps to the outer sleeve component, with which the mass flow rate showed similar
results to that of the existing S-1 device. However, to effectively achieve a more mass flow rate,
four different types of forceps design were considered. The two designs of 8mm and 10mm
outer sleeve diameters, which basically is meant to insert into patient’s abdominal cavity were
chosen and analysed consistently. Similarly, the results with two different protrusion angles

¢ = 45° and ¢ = 60° are compared both in suction and irrigation modes. The results show



that the mass flow rate is higher for D = 10mm design compared to D = 8mm designs.
However, as the 8mm design resulted in sufficient mass flow rate and showed similarity in
mass flow rates to that of the standalone S-1 device and minimal size in the patient abdomen is
preferred, hence 8mm design is selected. Among two different protrusion angles, the mass flow
rate for ¢ = 60° design is higher compared to ¢ = 45° design in both Newtonian flow and
non-Newtonian flow analysis. So, 60° design was chosen for fabrication. These designs were
evaluated based on mass flow rates they provided and how well they match with the existing

S-1 device for the range of pressure differences considered.

The non-Newtonian flow of blood has been simulated using Carreau model. The
resulting flow rate of blood is compared with the prospective designs and the S-1 device
currently in use. The final improvised design of the forceps with D = 8mm and ¢ = 60° design
is proposed based on this analysis. Results for the flow of Newtonian fluid are investigated
with the help of contours of velocity, pressure, turbulence kinetic energy, and turbulence eddy
dissipation rate. In comparison, the results for the flow of non-Newtonian fluid are investigated
with the help of contours of velocity, pressure, wall shear stress, strain rate, and viscosity. The
proposed design of surgical forceps eliminates re-insertion of dissector and suction-irrigation
device and is reusable, multi-functional, non-toxic, corrosion-resistant, toughened, and will be
cost-effective. In addition, this forceps will potentially reduce the time of surgery, fatigue to
the surgeon, and trauma to the patient. This can also potentially benefit single port and robotic
laparoscopic surgeries.

The research work also included the analysis of the gas flow in a multi-functional
laparoscopic instrument which can potentially serve as a pneumoperitoneum device. A
comprehensive CFD flow analysis of the flow of CO is presented for different driving
pressures using ANSYS FLUENT software. The resulting flow rate of CO> is obtained for

different driving pressures. The results are investigated with the help of contours plots of

\Y



different flow variables. Multi-phase simulations were carried out for completeness of the
present study and look into the fluid flow behavior inside the instrument when both the fluids
flow together. The results obtained are mainly qualitative in nature and help us visualize the
interaction of two different fluids to get more insight of fluid flow and clear distinction among

them.

Keywords: Computational fluid dynamics, Newtonian flow simulation, non-Newtonian flow

simulation, Multi-functional instrument, CO: insufflation, Suction-Irrigation device, dissector

forceps, laparoscopic surgery, numerical analysis, experimental validation.
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Chapter -1

1 INTRODUCTION

1.1 General

Almost all the surgeries performed before the 20" century were open incision
surgeries, i.e., the human body is cut wide open for surgery. In open incision surgery, surgeons
cut open parts of the human body to operate on the affected tissue. After surgery, the opened
part is stitched. Open surgeries have many disadvantages like significant recovery times, post-
surgery pain, and a possible infection developed in the body. This affects the quality of life. In
some cases, even after a couple of months, patients cannot resume a normal lifestyle due to
blood loss and other complications.

To overcome all these deficiencies faced by patients, a new surgical technique was
introduced in the late 19" century, namely laparoscopy, which was a game-changer in the entire
surgical domain. Laparoscopy is a minimally invasive surgery that requires multiple small
incisions of the order 5 mm to 10 mm, instead of broader cuts of sizes 150 mm to 200 mm in
case of open surgeries, as shown in Figure 1.1. In order to have a clear view of internal organs,
the abdomen of the patient is inflated by pumping an inert gas, like carbon dioxide (COz). CO-
has a high diffusion coefficient, non-flammable, and is colorless. Hence, it is typically used for
insufflation (capnoperitoneum) in minimally invasive surgeries like arthroscopy, endoscopy,
and laparoscopy. It can also be rapidly cleared from the body as it is a natural metabolic end
product and can reduce the risk of complications after venous embolism. Laparoscopic surgical
techniques find applications in laparoscopic cholecystectomy (removal of gall bladder),
laparoscopic myomectomy (removal of fibroids from uterus), laparoscopic hysterectomy

(removal of the uterus), laparoscopic appendectomy (removal of the appendix), laparoscopic



splenectomy (removal of the spleen), diagnostic laparoscopy (viewing internal organs),
Nephrectomy (removal of kidney), kidney transplantation, etc.

Laparoscopic Procedure Open Procedure Post-operative Condition

Cut-away view (from left) of
abdominal cavity

~:
Surtouming |

ul liver engorged

Bile duct

R e

B. A transverse incision is then made
to expose the gallbladder. The gall
bladder is s! from its bed and
the cystic duct is tied off with a silk
suture,

A. The laparoscopic instruments are
introduced via an infra-umbilical
incision and 5mm ports. A grasper is
used to attempt to flip the galibladder
up, but it is not possible.

View through laparoscope Enlarged view of open incision

Figure 1.1: Laparoscopic cholecystectomy versus open incision surgery.
(Image source: Alamy stock photo)

An entire set of new instruments were developed in the 20" century and put to use in
surgeries. A laparoscope is one such device used in laparoscopic surgeries. The modern-day
techniques and state-of-the-art technologies from the fields of electronics, optics, and material
science contributed to the development of a laparoscope. The idea behind the development of
the laparoscope was to get dextrous access to internal organs of the human body by a surgeon,
similar to the way a surgeon’s hand accesses them from outside, yet have a complete vision of
the area where surgery is happening with minimal incisions on the patient’s body. Surgeons
could hence make small incisions on the abdomen or other organs of a patient so that they can
insert a trocar through incisions made to inspect and operate on the required internal organs. A

Laparoscope, in the early periods, was a device similar to an endoscope with a high-intensity



light source and a digital camera. The material of the instrument has to be biocompatible, and
the instrument has to be electrically insulated against contact between the device, internal
organs, and fluids.

Laparoscopy has been widely put into practice since the 1990s and is gaining
popularity in the field of surgery. Of late, it is very common to perform laparoscopic surgeries
as the patient experiences less post-operative pain, minimum hospitalization duration, and
lesser infection complications. Despite having these benefits from laparoscopy, surgeons
continue to face other issues like longer surgery time and non-ergonomic laparoscopic
instruments [1]-[4]. Other factors that affect surgical procedures are low or high surgery table
height, poor positioning of the monitor, design of instrument handle, the posture of surgeons,
usage of instrument multiple times, etc. These factors influence surgeons as they experience
physical strain during laparoscopic surgeries. Some inventors came up with an ergonomic
handle design for Maryland forceps, which improved the positioning of forceps at an
appropriate location and orientation [5]-[8].

Laparoscopic instruments are classified depending upon their functionality as
graspers, scissors, cauterizers, vessel sealers, etc. Maryland forceps belong to the category of
grasping instruments, which facilitate ligating, positioning, and manipulating the tissue. The
basic components of the Maryland forceps include jaws, end effector assembly, handle, outer
and inner tubes. As shown in Figure 1.1, the handle lets the surgeon hold forceps and actuates
the jaws to manipulate the tissue while performing surgery. The end effector assembly, jaws,
is actuated using a four-bar linkage.

The saline water and other fluids are supplied during operation through another trocar.
The removal of blood or fluid in the abdomen during surgery is called suctioning, while
injection of fluid at the site of surgery to clear blood on the tissue is called irrigation. The

suction and irrigation are done independently using another trocar. Suction-Irrigation (S-1)



device is used either to remove or add cleaning fluid at the site of surgery. As shown in Figure
1.2, William et al. [9] introduced a laparoscopic irrigation bottle pump, which mechanically
regulates the liquid flow from a bottle into the irrigation line through pressurized CO2 gas. This
leads to a possibility of excessive CO> gas entering the irrigation line, causing severe health
problems to the patient. Alternatively, the irrigation flow line could run out of CO> gas.
Therefore, this requires continuous monitoring of the level of fluid in the bottles and hence

prolongs the time required for surgery.
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Figure 1.2: Suction-Irrigation bottle pump [9]
1.1.1 Overview of different laparoscopic instruments
There are many laparoscopic instruments used in laparoscopic surgeries. Different
variations that came into existence in the design of commonly used forceps for micro-surgeries
include surgical suction device [10], motion-compensated microscope [11], needle lock for
jaws [12], endoscopic instrument [13], cupped forceps [14], laparoscopic kit [15], auxiliary

forceps [16], Maryland forceps [17],[18], tissue retrieval forceps [19]. Some of the commonly



used instruments whose multifunctional aspects are relevant to our proposed design are briefly

described below.

1.1.2 Suction-Irrigation pump

8

.

Figure 1.3: Suction-Irrigation Pump
(Source: http://www.endoscopechina.com/Electronics/suction-irrigation, Retrieved on
26/09/2020)

One of the commercially available Suction-Irrigation pumps is a pneumatically
controlled device that provides the required pressures for suction and irrigation operations. It
has two plug-ins, one for suction and the other for irrigation, as shown in Figure 1.3. The
suction port tube is attached to a hydrophobic filter. The liquid bottles used for suction and
irrigation are made of glass as they must sustain pressure fluctuations. The suction and
irrigation pipes are connected to two different ports of the S-1 device. After completing the
self-test, the desired suction and irrigation power levels are set. The buttons on the suction and
irrigation ports are used to close and open the flow to the respective lines. The unit can also be
started and stopped using a foot-operated pedal.

1.1.3 Suction and irrigation device

Abraham et al. [10] invented a surgical suction device to control negative pressure. In

this, they used sponge plugs to remove liquid inside the abdomen. Such traditional suction

systems include the use of sponge plugs, which always had a chance of being left inside the
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body, causing serious postoperative complications to the patient. Also, traditionally suction
and irrigation systems were used separately, and this causes serious concerns regarding its
handling time and complications. A suction instrument, shown in Figure 1.4, deals with the
conventional problems associated with suction and irrigation mechanisms. It is a simple S-1
device with an absorbent material at the distal end. The idea is to provide two different flow
rates using what is known as direct suction and indirect suction. Direct suction is used when
the required suction rate is high, and there is no risk of occlusion or tissue damage, whereas,
for a lower flow rate, indirect suction is used. Indirect suction is achieved by the flow of fluid
through the absorbent material, whereas unobstructed flow is achieved by the direct suction

method.
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Figure 1.4: Direct and Indirect suction device [10]

The success of a laparoscopic procedure depends significantly on the skills of the
surgeon because of the limited range of motion available to the surgeon in the body cavity and
the reduction from real-world 3D vision to a virtual world 2D image on a screen to manipulate
the tissues using surgical devices instead of directly using his hands. The suction tip is one of
the few parts of an S-1 device that has direct contact with the tissues inside the human body.
Therefore, it exerts a large amount of pressure during suction and irrigation procedures. The

modified design [20] has a bowed tip, unlike that in a conventional laparoscope. The curvature



of the bow tip covers more area during the circumferential movement of the tip and S-I tube.
Further, it also helps in withstanding large pressure at the tip.
1.1.4 Electrosurgical forceps used for cutting and sealing

This forceps act as a plier to grasp, manipulate, and seal the tissue [21]. It has two
levers that are joined at a pivot. It consists of a knife that extends between the jaw members
with a handle to grasp and limit the movement of the two levers beyond the closed position.

These forceps are employed for electrosurgical grasping, cutting, and sealing the tissue.

1.1.5 Endoscopic instrument

Schneider et al. [13], invented an endoscopic instrument that consists of an extended
tube inserted through the trocar. It has two main parts, viz. inner push rod, and outer sleeve.
The outer sleeve is insulated and has an irrigation attachment to clean and sterilize tissue inside
the body. The handle actuates the inner push rod to manipulate the blades, known as the tool
at the tip.
1.1.6 Maryland forceps

Maryland forceps are a crucial instrument in laparoscopic surgeries. Many patents are
proposed based on different component's design and their usage by the researchers [6], [23].
Figure 1.5 shows Maryland forceps used in surgeries wherein the end effectors are pulled and
pushed in order to manipulate the tissue. This is a disposable laparoscopic surgical instrument
having end effectors manipulated by the handle. The handle is made of lightweight plastic or
stainless steel, the inner tube is made of aluminum, the outer tube is made of plastic, the end
effector & claws are made of cast bronze, and aluminum alloy is used for clevis. Plastic shrink
is wrapped over the outer tube and handle to prevent electric shock. Insulation is also ferruled
on the handle to ensure insulation from the handle to the tube. The tube and push rod imparts

axial translation to the end effector. When the handle is closed inwards, the end effector moves



to the right and vice-versa. These forceps are either unipolar or bipolar and use an ultrasonic

frequency electrical supply to dissect the unhealthy tissue.

Figure 1.5: Currently used Maryland forceps
(Source: https://www.teleflexsurgicalcatalog.com/surgical/pilling/contact, Retrieved on
26/09/2020)

Smith et al. [23] invented disposable Maryland dissectors used in minimally invasive
surgery (MIS). Melzer et al. [24] described several devices that could be multifunctional like
high frequency ultrasonic dissection and suction and irrigation. Sakurazawa et al. [25]
undertaken a study to evaluate the safety and efficacy of forceps cum suction tube device useful
in laparoscopic surgery for gastric cancer. No excess tissue damage was observed during

operation with significant reduction in suction access time.

1.2 Problem description and motivation of the work

In the early periods, laparoscopic surgery is used rarely because of its cost expensive
nature, and it operates with a digital camera and high-intensified light source. The laparoscopic
material is completely electrically insulated and is biocompatible. The electrically insulating
behavior of the instrument helps to be non-contactable between the instrument and the internal
body organs during surgery. In due course, with positive feedback such as minimum duration
of hospital stay, less pain after surgery, lesser infections, etc., patients gained faith in
laparoscopic surgery; however, surgeons still face certain difficulties due to repetitive usage of
the laparoscopic instruments and longer duration to complete the surgery. Some researchers
came up to design the ergonomic model of the forceps used in laparoscopic surgery for
enhancing the positioning based on its orientation and location [24].
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So, a lot of research is focused on minimizing the limitation of the laparoscopic
instrument by enhancing its handle design only. The S-I process requires repeated insertion
and removal of multiple instruments, which results in prolonged duration in surgeries, and
surgeons are very likely to feel exhausted. Moreover, a significant amount of time is spent in
instrument exchange between the S-I device and the dissector forceps. The exchange of
instruments also compromises the safety of the patient and disrupts the sequence of operation.
The objective of the research is to enhance the multifunctional feature of the dissector forceps
so that it aids in reducing the time of surgery, improving the ergonomics of the instrument, and
the patient’s safety. This is accomplished in the present work by merging the S-1 feature with
the dissector forceps. Chapter 2 of the literature survey reviews the latest developments in
laparoscopic instruments, and shortcomings are addressed.

Even though inventors have introduced many instruments, only a few of them focused
on the multi-functionality of the instrument. During surgery, the excess fluid and charred
particles obstruct the field of view and require to be removed periodically. This requires the
removal of one instrument and insertion of the S-I device. Also, continuous removal and
insertion of instruments result in pressure drop in the abdomen. Consequently, after completing
the S-1 process, again, the abdomen must be inflated by supplying an additional amount of CO»,
which adds to the duration of surgery. A suction device creates negative pressure to suck the
fluid inside the abdomen. If the suction pressure is increased, there may be a chance that the
healthy tissue is sucked in the S-I device. In addition, due to the prolonged duration of surgeries
which involves the insertion and removal of multiple instruments, surgeons, apart from fatigue,
also suffer injuries after performing laparoscopic surgeries. Due to the removal and insertion
of multiple instruments, there can be a risk to the patient if they are not inserted properly,
disrupting the sequence of surgery. All of these contribute to the increase in the duration of

surgery by up to 30% [26],[27].



Maryland forceps, one of the commonly used laparoscopic instruments, is an imported

device, due to which the cost of procuring it is quite high. Previous attempts have been made,

with several patents addressing the different laparoscopic instruments as detailed in Table 1.1.

Many of them concentrate on improving the design of the forceps, and a few try to improve the

efficiency of the S-I process by having absorbent materials integrated into the device. However,

the combination of the Maryland Forceps with the Suction-Irrigation apparatus has not been

addressed.

Table 1.1: Literature review and findings

Patent number/

Journal details

Description

Drawbacks

1. US8821377 B2, [15]

The invention discloses the kit to
remove the tissues during laparoscopic
surgery and robotic surgery. The
inventor compares laparoscopic surgery
to the modern surgical technique over
laparotomy procedures. Laparoscopic
procedures are advantageous due to
fewer infections and pain, shorter stay in
the hospital, less scar, less blood loss
leading to fewer complications post-
operation. However, there is difficulty
in removing a large chunk of tissue. For

this, a laparoscopic bag is introduced via

a blunt instrument.

The limitation of the usage
of a laparoscopic bag is a
15-20 mm incision.
However, the procedure is
still effective compared to
open surgeries wherein

there will be an incision of

size more than 100 mm.
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2. Royal Australasian
College of Surgeons

ANZ J Surg, [28]

This review explores current evidence
on the cost and environmental impact of
reusable versus single-use instruments.
In addition, their quality, functionality,
and associated clinical outcomes are

compared.

The usage of disposable

instruments  shall  be
minimized to avoid waste
disposal  of  surgical
instruments that are not
eco-friendly. Also,

disposable instrument cost

is not economical.
However, reusable
instruments  face  the

problem of sterilization.

3. US20150038895A1,

[20]

The patent discloses an irrigation and

suction that moves in a

tip
circumferential trajectory to cover a
large area in the abdominal region
during laparoscopic surgeries. The
device is used for suctioning and
irrigating within a surgical cavity. It has
a short distal end, tip, and a long

proximal end.

The bigger diameter of the
proximal end does not
allow the instrument to
traverse inside the trocar.
The device is limited to its
tip size, having a shorter
end so as to move the tip
inside the cannula of the

trocar.

4. Article in Minimum
Hindawi Publishing

Corporation

The article studies to reduce the cost of
laparoscopic surgeries by reviewing
data from January 2012 to December
2013. In his study, he found a reusable

instrument’s cost to be one-tenth of that

Reusable instruments have

many  benefits  over

disposable  instruments.
However, it may lead to
if

more medical issues
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Minimally Invasive
Surgery, Volume
2014, [29]

of a disposable instrument’s, without
compromising the safety of the patient

and the medical staff.

proper sterilization is not

done.

5. EP2422720 B1, [30]

The present invention discloses forceps
used for laparoscopic gall bladder
surgeries. The stones in a gall bladder
are crushed by the forceps and retrieved

from the cannula of a trocar.

The invention is restricted
to only the laparoscopic
gall bladder. The forceps
do not apply to other

laparoscopic surgeries.

6. Current Problems in

Surgery Vol 52, [5]

Surgeon faces issues from the energy
settings to be used in an electro-surgical
device due to which the patients are at
risk. About 54% of surgeons in the
American College of Surgeons have

faced electrical injuries.

The choices of power

settings and risks

associated with radio-
frequency electrosurgery
depend on the experience
and practice of surgeons in
handling  devices to
minimize the risk of injury

to the patients

7. US20140236147A1

[13]

The device comprises a rigid tube meant
for suction and irrigation outside an
endoscopic instrument. It has an inner
transmission element that can move

within the outer tube.

The instrument does not
have laparoscopic

applications.
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1.3 Scope and objectives of the present study

Based on the detailed literature review and the research gaps as presented in sections

1.2 and chapter 2, the following are the scope and objectives of the present study,

1.

To identify the shortcomings of laparoscopic instruments from observations of
different laparoscopic surgical procedures.

To study the existing form of laparoscopic instruments.

To design and modify an existing form of Laparoscopic forceps which allows
grasping of tissue while simultaneously manipulating, suctioning, irrigating and
cauterizing.

To carry out Newtonian and non-Newtonian simulations of the proposed
laparoscopic forceps and analyze the results using ANSYS Fluent.

To find out the provision for gas flow and analyze the carbon dioxide gas flow
inside the fluid domain of the laparoscopic forceps.

To fabricate the prototype of the proposed design for Laparoscopic forceps.

To evaluate the ergonomics of the fabricated Laparoscopic forceps to meet the

requirements of Laparoscopic surgeries.

1.4 Presentation of Thesis

The thesis has been presented in eight chapters, as outlined below.

Chapter-1 deals with the introduction, which focuses on various instruments used in

conventional surgery to modern laparoscopic surgery. This chapter has been divided into four

sections: general introduction, problem description, motivation of work, scope and objectives,

and Presentation of the thesis.

Chapter-2 contains a literature study is made on conventional surgeries and

laparoscopic surgeries, laparoscopic surgical instruments, ergonomic-based design, recent
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trends and modifications in the surgeries, and the use of numerical analysis in surgical
instruments. Gaps in the research are presented at the end of this chapter.

Chapter-3 describes the design modifications and modeling of the proposed
laparoscopic instrument. The desired feature of the proposed design is studied to model all
components in SolidWorks software. This chapter enlightens a detailed discussion on the
construction, functionalities, mechanisms, and fabrication details of each component to get the
desired forceps assembly.

Chapter-4 highlights the CFD analysis of the Newtonian fluid flow approach to
compare existing designs to that of different proposed designs of laparoscopic forceps.
Simulation results are compiled with regard to the different designs and compared. Simulation
results are analyzed to check the pressure variation and mass flow rate within the fluid domain,
which otherwise would be difficult to measure experimentally for 4 to 5 different proposed
designs. The proposed forceps is re-designed further to facilitate the provision of carbon
dioxide gas. The fabricated instrument is compared with a numerical analysis of the Newtonian
fluid flow approach.

Chapter-5 describes the CFD analysis of non-Newtonian fluid flow to compare existing
designs to that of different proposed designs of laparoscopic forceps. A combined effect of all
these parameters using non-Newtonian and Newtonian approaches is also compared in this
chapter. Based on this, the optimized model has been developed, and the prototype has been
proposed for fabrication. Details of the prototype are given in this chapter.

Chapter-6 highlights the gas flow analysis, which is incorporated into the same
proposed laparoscopic forceps. Initially, the geometry of the fluid domain is considered for
mesh refinement studies. Later, boundary conditions are imposed and solved to obtain pressure

and velocity changes at different mass flow rates.
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Chapter-7 includes the multi-phase simulation where water is taken as the primary
phase, and CO: gas is taken as the secondary phase. The inlet of the fluid domain is split into
two that is 20 percent entry to the CO; gas passage area and 80 percent entry to the water
passage area. Then, a simulation is carried out to obtain the results.

Chapter-8 includes the conclusions based on the preceding chapter and results presented
in chapters 3, 4, 5, 6, and 7. The results obtained in these chapters describe the validation and
simulation of the model used for a fluid domain by comparing the results with the previously
published data. Scope for future work is also included at the end of this chapter.

The remaining sections contain the references, appendices, and referred published
works in international journals and international conferences; those are relevant to the research

topic, followed by brief biographies of supervisors and candidate.
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Chapter - 2

2 Review of Literature

2.1 Introduction

Over the past 30 years, the procedures of minimally invasive surgery have become popular
among the different conventional types of surgeries. In comparison with open-type conventional
surgery, laparoscopic surgery is considered less invasive. In this surgical type, the surgical tools
are passed into the abdomen of the patients through small and medium type trocars with 1 cm to
1.5cm of diameter level [31]. Many advantages are accomplished from the smaller incision
surgery, such as minimum cost, smaller scars, faster recovery, and shorter hospitalization time
[32]. This surgical type is considered the most widely used and earliest one among the several
minimally-invasive techniques for proper diagnostics [33]. A skilled surgeon is required to
establish the laparoscopic surgical procedures on the abdomen of the patients by inserting the
laparoscopic surgical instruments through the port sites [34]. Certain standard sets of instruments,
including dissectors, graspers, forceps, suction, and irrigation type devices, are widely employed
in laparoscopic type surgical assistance. It has several more beneficial activities than the previously
performed open surgical procedures, such as minimum surgical invasiveness, fewer mortality
rates, and invisible scars [35]. Thus, the surgeons exercised their skills and enhanced their access
to the laparoscopic surgical area more than the conventional surgery [36]. Typically, the
laparoscopic instruments are employed with one limb during the operations of staple/cut/dissect;
at the same time, navigation and visual field are maintained by other instruments. During the

surgical, its actions or directions are altered as per the need [37].
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Based on the factors of human input, several laparoscopic devices are designed with proper
significant procedures. The design modifications are generally performed to enhance the level of
usability, safety, and error minimization. Normally, the surgical instruments are reused [38].
However, it requires several disinfection procedures while using the instruments repeatedly. It may
create the risk of incomplete results of disinfection. To overcome this, different disposable
laparoscopic instruments are introduced into the market. In this, the cost of disposable type
laparoscopic instruments is a little more when compared with the reusable type laparoscopic
surgical instrument [39]. All the surgical instruments are made by adopting the applications of
instrument mechanisms. The mechanisms are accomplished by the linkage assembly in which the
links are connected through joints. The applied links are permitted to follow the controlled relative
motion [40]. The laparoscopic instrument with several interactive mechanical components is not
superior. Attaining the multiple functional features from the simple action of input may result in
failure in the laparoscopic instrument because of its complex behavior. At the same time, this
complex nature increases the total time spent and the cost for the overall mechanical parts of the
laparoscopic instrument. Thus, it is counter-productive to design laparoscopic instruments with
several mechanisms [41].

The robotic applications in surgical characteristics employ convenience for humans.
Replacing the assistance of humans with the robot enhances the autonomy level of surgeons and
limits the communication issues attain in the operating room [42]. For enhancing the clinical
outcomes, robotic surgery has contributed as a minimally invasive technique, and it can restrict
the limitations of the conventional type of laparoscopic surgery, such as reduced instrument
movement and 2-dimensional imaging characteristics [43]. Instead of conventional laparoscopic

surgery, robotic laparoscopic surgery can also be used because it performs well in complicated
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situations within a short time duration. The surgical end actions and effectors are relatively similar
between robotic and conventional laparoscopic surgery [44]. The robotic assistance is also done
with the utilization of certain simulation kinds of approaches, namely CAD design and ANSY'S
analysis. Several types of research focused on the number of software programs for surgical
analysis. It promotes the prediction of post-surgical outcomes from the performance analysis of
several surgical instruments. 3D imaging provides a better and more convenient extraction of
information about the patient by surgeons [45].

The main aim of this review is to enhance the functionalities of laparoscopic instruments
in the view of available instruments. The various approaches of design modifications involved in
the three different laparoscopic instruments, namely, grasper, forceps, and suction irrigation
devices of the laparoscopic surgical applications, are categorized in this review. The present work
gives the benefit of reviewing the options to designers to solve a particular design problem and
provide an optimal solution to the problems in a shorter time. The performance is also analyzed at
the terminal part of this study with the help of the performances of instruments.

This work focuses on improving the ergonomics of laparoscopic surgical instruments. By
comparing with the existing works in laparoscopy, this is the first attempt to analyze the
laparoscopic instrument based on the fluid flow behavior. In the present work, the need for
laparoscopic surgery against open surgery is discussed in section 2.2. The existing reviews based
on different laparoscopic instruments such as forceps, suction-irrigation, graspers, etc., are
discussed in section 2.3. The failures in the laparoscopic instrument and the safety analysis of such
an instrument are discussed in section 2.4. Section 2.5 discusses the various design modifications
to enhance the ergonomic level and simulation software used for altering the laparoscopic design

and analyzing its effect. From the overall analysis, the rarely researched laparoscopic instrument
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is discussed in section 2.6. Section 2.7 discusses recent trends in laparoscopic instruments and
concludes with the overall review and research gaps in the literature. This work helps surgical
instrument designers modify the existing design of the laparoscopic device to benefit surgeons.

This helps minimize the time taken to complete the laparoscopic surgery.

2.2 Conventional vs. Laparoscopy Surgical Instruments

In open surgery, the operation is handled manually by touching the organ or tissue in a
body. Contrary to open surgery, laparoscopic surgery is performed using the laparoscopic
instrument, which is mainly a device called a ‘trocar’ that is inserted into the body. Laparoscopy
surgery is different from conventional open-type surgery, where a small incision is used for
accomplished the operation. Certain invasive internal surgeries fail due to the required design
specifications of the traditional surgical instruments. Besides, the laparoscopic instrument's overall
cost is less than the open-type surgeries [46]. Gehrman et al. [47] analyzed the cost of laparoscopic
and open surgery based on Health economics for rectal cancer. The cost was assessed for both
short-term analysis (28 days) and long-term analysis (3 years). From the analysis, the author
concludes that laparoscopy surgery was more efficient for a 3-year analysis than 28 days. Another
analysis was done by Talha et al. [48], where the comparison took place based on the clinical
outcome of both the open and the laparoscopy surgery. In this, the perforating appendicitis disease
is considered for the entire analysis. In terms of fewer complications, a better score of pain, and
earlier return to normal activities, laparoscopic surgery is considered a useful one when compared

to open surgery.

2.2.1 Laparoscopic surgery
Laparoscopic surgery is a technique mainly used for abdominal surgery, in which the

operation is performed by using small incisions nearly minimal 12 mm. Through these incisions,
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narrow instruments, mainly trocars, are inserted to cut or sew the tissue. In this, the direct view of
interior surgical sites is minimized by using a video camera approach, mainly a‘ laparoscope’[48].
A camera is inserted with one trocar, and other instruments are injected through other injection
sites. During laparoscopic surgery, the Carbon dioxide gas is passed into the abdominal surgical
site via a single trocar, and this helps to push the abdominal wall upward and creates a minor
vacant area for the surgeon to operate. CO> gas is mainly used in certain minimally invasive
surgeries such as arthroscopy, endoscopy, laparoscopy, etc., because of its non-inflammable and
colorless characteristics. Besides, CO2 gets completely cleared from the body and acts as an end

product in natural metabolism [49].

2.2.2 Advantages and Disadvantages Over Laparoscopic Surgery

In open surgery, certain disadvantages such as metabolic stress over post-surgery,
incisional pain, and tissue trauma are raised. Besides, a long incision is required for open surgery.
Such disadvantages caused by open surgery get suppressed by laparoscopic surgery. In
laparoscopic surgery, a patient recovers quickly due to small incisions compared to open surgery
[50]. When compared to open surgery, there is no fluctuation in patient's weights after
laparoscopic surgery. Minimal hospital stays, and less operating time is also considered superior
benefits while carrying out laparoscopic surgeries [51],[54].

The laparoscopic approach to be used in several major surgeries such as removing the gall
bladder (laparoscopic cholecystectomy), uterus removal (laparoscopic hysterectomy), cutting
appendices (laparoscopic appendectomy), etc. Besides, it is used for kidney transplantation and
removal of appendix and spleen, etc. [52].

The main disadvantage of laparoscopic surgery is larger operational procedures, duration

of surgeries, infection rates, repetitive usage of instruments, and the cost of the materials. The
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handle of the laparoscopic tool may fail to ergonomics in nature, so the surgeons face difficulties

in gripping [53].

2.3 Laparoscopic surgical instruments

The contribution of surgical tools is superior to any surgical technique. Effective and secure
surgery is accomplished by sufficiently equipped operating rooms. The secured procedures are

performed only with the assistance of more advanced and suited reliable technologies.

2.3.1 Suction and Irrigation Instruments
The S-1 device is used to clean and disinfect the operating region by removing blood and
other bodily fluids through the suction feature and irrigating a disinfectant such as saline water

through the irrigation feature. A typical S-1 apparatus is shown in Figure 2.1
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Figure 2.1: Suction-Irrigation apparatus
Carbon dioxide (CO) is insufflated into the abdomen before the procedure to maintain stable
pressure and give more operating room for the surgeon, increasing his field of view as well.
Multiple insertions and removals of instruments result in this pressure going down, due to which

CO:2 has to be pumped into the abdomen again.
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In current days, laparoscopic suction irrigation type is familiar in the way of surgery. The
suction and irrigation laparoscopic procedures enabled to clear the blood and liquid in the
abdominal cavity for promoting effective surgical behavior. The strong negative pressure is
employed in the suction type of devices to damage the tissues in the body. It may fail due to delays
and inefficiencies in the surgical procedure. To avoid this situation, Frech et al. [10] used sponge
particles on the target area of the instrument before performing the suction behavior. It integrates
the suction and irrigation characteristics through sponge applications. This process is also
considered a time-consuming one. Nowadays, laparoscopic devices are formulated for both
disposable and multi-use purposes. The single-use disposable items are sterile, and they cannot be
recommended for reusing activities. So several types of research have focused on generating the
new tool from the disposable one. It cost-effectively motivates us by producing a new tool type.
The creation of different devices from the existing disposable ones proves to be financially friendly
[54]. The disposal type suction and irrigation instruments with the integration of a monopolar hook

are shown in Figure 2.2.

Figure 2.2: Disposable laparoscopic suction/irrigation with integrating monopolar Hook [54]
The irrigation type attains in laparoscopic surgery provides more benefits to adult patients
than the child. It significantly improves the duration of the operation and is quite complex while

operating in the abdomen. In addition to this, careful considerations must be followed by the
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surgeons before performing irrigation to avoid the risk factors. From the analysis carried out by
Siotos et al. [55], the performances of suction were a little more optimum than the irrigation level.
From the existing randomized trial, it seems that the separate usage of suction and irrigation in the
laparoscopic instrument is better than its combined actions. Peter et al. conducted randomized
testing trials for perforated appendicitis that affected 110 children. In this, the outcomes from the
individual operation process of suction and irrigation were approximately equal. There is an
absence of considered variations between them [56]. The suction and the irrigation alone
randomized trial test are listed in Table 2.1 with different output parameters such as operation

duration, charge of the hospital, and the time taken for recovery.

Table 2.1: Randomized trial test conducted [56].

Parameter Irrigation (n=110) Suction (n=110)
Time taken for operation (min) 42.8 £16.7 38.7+14.9
Hospital charges ($) 48.1K+£18.2K 48.1K+£20.1K
Time to regular diet (d) 35+15 3417
Post-operative duration of safety (d) 54+27 55+£3.0

Another way of Randomized test trial was conducted by Sun et al. [57]. In this, appendicitis
disease is considered for 130 adult patients. This test was randomized to two streams, namely
irrigation and suction group or suction alone group, with the help of a 3-port laparoscopic
approach. The combined usage of suction and irrigation type laparoscopic instruments results in

superior outputs in terms of charge and durational time of operation than the suction alone type.
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The randomized trial test for the suction alone and the combination of irrigation and the suction

type are listed in Table 2.2.

Table 2.2: Randomized Test Trial conducted [57].

Parameter Irrigation and suction Suction only (n=130)
(n=130)
The volume of Irrigation (ml) 3063 + 816 -
Hospital charge (¥) 14,592 + 2,251 16,673 + 2,163
Wound Infection (n) 1 3
Hospital stay Duration (d) 10.2+25 125+28
Operative time (min) 51.6 +16.1 415+ 152

Due to the above limitations, we [58] developed a suction irrigation model combined with
the dissector to minimize the time consumption during surgery. In this, ANSYS Fluent analysis is
conducted to analyze the flow characteristic of the developed model. This approach helps to
minimize CO: leakage and reduces the time during surgeries. Besides, the mass flow rates in the
suction and irrigation process tend to increase with the increase in pressure differences, as

discussed briefly in Chapter 4.

2.3.2 Grasping Tool
A laparoscopic grasping tool with multi-axis force-sensing capability is formulated for

cost-effective, minimally invasive surgery. In which the tool is developed with 4 DOF, sense the
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forces of single-axis- grasping and three-axis Cartesian manipulation. A wrist force sensor and two

torque sensors are utilized for sensing the forces which are connected in the tool [59].

Roll Joint
Wrist Joint 1‘

N

Grasping tips

\

Wrist Force Sensor

(a) Grasping Tips of the grasping instrument (b) 4-DOF grasper mechanism with 3-
axis miniature force sensor of the grasping instrument

Upper Pulley

Driving Pulleys

(c) Inner view of 4-DOF showing four pulleys installation at four locations
Figure 2.3: 4 DOF Grasper Instrument Model [59]

Figure 2.3 (a) represents the normal tips of the grasping tool; the 4 DOF and the pulley
installation mechanism of the grasper instrument are shown in Figure 2.3 (b) and (c). Both the
double and single jaw graspers with force models of tips are also developed by enabling the
mechanism of graspers. In this, the grasper is designed based on ergonomic level by changing the
handle orientation, tip forces, and grasper handle theoretically and experimentally. The other such
type is an ergonomically developed grasper that creates the non-linear relation between the
transmitted forces of the handle and tip [60]. The cable-less grasper with multi DOF has been

performed for cleaning and sterilization purposes. For this, a detachable, fully functional cable-
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less laparoscopic instrument with 5.3mm is designed with additional DOF at the tip. The
components, namely, springs, pulleys, and cables, are hidden in the shaft of the instrument. By
using the low-tech methods of cleaning, such a designed grasper instrument was assembled and
disassembled for cleaning and sterilization cases [61]. Uysal et al. [62] developed a motorized
model of grasping forceps with a high degree of freedom. The author concludes that the nature of

ergonomics level and the weight of the instrument get reduced in the motorized model.

2.3.3 Laparoscope Forceps Models

The laparoscopic forceps is the major instrument for all simple and complex surgeries. The
flexible, driven push-pull forceps manipulator for the Surgical Robot system with 3DOF is
developed with the assistance of superelastic wires. The superelastic wire limits the contribution
of the backbone available in the middle of the forceps model and the wire path errors. From the
performances, the force is estimated experimentally at about 0.37 N [63]. The forceps manipulator
plays a major role in minimally invasive surgery. Many types of research were carried out to
develop a simple, reliable, and less expensive type of forceps. The development of 4-DOF based
forceps reduced the interference with different surgeons and manipulators, which achieved a high
power-to-weight ratio. In this, the mechanism is done by using the push-pull wire of superelastic
alloy and the compact pneumatic cylinders [64]. Normally, surgeons face several issues when
operating the occlusion region because of the rigid operating structure of endoscopic surgical tools.
Zhang et al. [65] investigated the forceps manipulator with novel linkage bending mechanisms.
This forceps manipulator is integrated with the function of the endoscope, maximum output force,

and flexible bending potential. The different forceps models are shown in Figure 2.4.
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Figure 2.4: Photograph of laparoscopic dissector, scissor, and needle holder [66]

2.3.4 Maryland dissector forceps

The Maryland dissector is one of the mono-polar type electrosurgical instruments with a
minimum of 3.2 millimeters of working channel diameter, and it is mainly used for dissection
procedures. The efficient method of grasping design with curved and fine jaws is mainly
accomplished in the double-action forceps model for the separation and dissection procedures of
tissues. The stainless steel material in the forceps facilitates the durability of the instrument. The
handle, insulated shaft, and collar locking are primary components of the Maryland dissector
forceps. It promotes safe bipolar electrocauterization procedures, better coagulation results,

brilliant tactile characteristics, etc.

The total force applied and its direction are essential during surgical operations. This is
because, while applying the traction forces by the laparoscopic forceps to the internal organ, there
is a risk for organ damage. At the same time, the weak forces limit the efficiency of the working
performances. Maryland forceps is commonly used forceps, where the tips are made of several
shapes and different thickness of about 3 mm, 5mm, or 10 mm. These different thicknesses and
tip shapes were capable of altering the applied forceps forces. The forceps guiding correct

operation is performed on the tips of the common type of Maryland forceps model with the shaft
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thickness of 5 mm. Thus, we can achieve the ability to measure the forces used in surgical
instruments. The assistance of sensors with the forceps guiding the correct operation of Maryland
forceps contributes to the convenient use of the forceps model. In this forceps model, the pressure
applied in the three different axes (X, Y, and Z) of the shaft and the jaw are measured in real-time
[67].

The proper learning of surgeons about the direction and the levels of forces promotes
efficient surgeries. In addition to this, the Maryland grasper dissector with disposable trocar type
has been developed by Hemmati et al. [68]. This limits the reusability of the instrument and limits
the sterile level. This type of instrument is utilized for a total of 10 patients to assure the patients'

safety.

Figure 2.5: Currently used Maryland forceps
(Source: https://www.teleflexsurgicalcatalog.com/pilling/product/728014-maryland-dissector-

forceps-rotating-monopolar)
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The various applications and functions of different laparoscopic instruments are listed in

Table 2.3 below.

Table 2.3: Applications of different laparoscopic instrument

Author/Year Instrument Aim

Lee et al. [59] Grasper A laparoscopic grasping tool with
force sensing capability

Hardon et al. [61] Grasper The multi-DOF (degree of freedom)
cable-less grasper can be assembled
and disassembled for cleaning and
sterilization

Peter et al. [56] Suction and A randomized trial based on the

Irrigation alone

laparoscopy surgical characteristics

Sun et al. [57] Combination of Randomized test trial on 130 adults.
Suction and
Irrigation

Haraguchi et al [63] Forceps Kinematic analysis of forceps

manipulator with 3 degree of

freedom.
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Kanno et al [64] Forceps The development of 4-DOF based
forceps for reducing the interference
with different surgeons.

Zhang et al. [65] Forceps Forceps manipulator with novel
linkage bending mechanisms

Sushmita et al. [60] Grasper To analyze the force model for both
single and double jaw grasper tips.

Sawada et al. [67] Forceps Developing the forceps grinding

operation on the tip of the tool.

Kanat et al. [54]

Suction Irrigation

Providing an economical friendly

instrument from the existing one.

Kawamura et al. [73]

Forceps

Developing the mechanical design of
the forceps manipulator when

suturing operation.

Frech et al. [10]

Suction Irrigation

Formulating a  sponge-assisted

suction type technique.

Barrie et al. [74]

Grasper

To analyze the tissue damage

thresholds.
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2.4 Surgical Instrument Failures and Safety Analysis

The instruments may fail due to the presence of a lot of external disturbances. Insulation
failure is one of the most important disturbances which influence the entire surgical instrument.
During electro surgery, certain complications are involved due to defects that occurred in the
insulation coat of the instrument. Insulation testing prevents the contribution of such failures in
several ways [69]. Espada et al. [70] experimentally identify the prevalence, location, and
incidence of the attained insulation failures in robotic and laparoscopic instruments. In this, 78
robotic and 298 laparoscopic instruments are tested at Mayo Clinic in Arizona for detecting the
failures. The insulation testing is performed after the completion of each use of the instruments.
The maximum attainment of prevalence and incidence of the laparoscopic instrument is
determined according to the voltage specifications. In addition to the insulation failure, the position
tracking error and coupled motion errors of the end effector are also found in the laparoscopic
surgical robots. Liang et al. [71] used a feed-forward neural network to detect the movement
behaviors of an end effector and predict the errors of coupling in grippers. The coupling angle is
assessed from the feed-forward neural network outputs, the driving motor current, and the wrist

angular displacement.

The risk of unsafe activation of electrosurgical instruments during laparoscopy is reduced
by the application of image processing algorithms. The instrument performance was tested on the
simulated environment, and it was measured against the skilled laparoscopic surgeon's decisions.
The positions of the instrument were determined by an image processing algorithm with high
precision for determining whether it was safe or unsafe with the manual inspection decisions [72].
Kim et al. [75] determined the temperature profile and emissivity of the laparoscopic ultrasonic

devices, such as passive and active jaws of the device. They are determined in the real-time
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operation of laparoscopic instruments (cutting and coagulation time). The LapaRobot has been
introduced as the trainee for laparoscopic operations. It enables the playback capability of recorded
surgical procedures. The recorded procedures are played back as a repetition mode to minimize
the errors of the operator. In this way, the performance of the trainee was automatically detected

and gained high-resolution behaviors [76].

Different failures which affect the laparoscopic instrument and the control measures taken

to limit such issues are given in Table 2.4.

Table 2.4: Failure recognition and control of laparoscopic devices.

Author\ Year Application area Contribution
Tixier et al. [69] Laparoscopic and non- Analysis of insulation failures
laparoscopic electrosurgery
instruments.
Liang et al. [71] Laparoscopic surgical Robots | Eliminating the coupled motion
of the instrument
Seehofer et al. [77] Bipolar and Ultrasonic Evaluation of burst pressure and
SCissors thermal evaluation
Vanetal. [72] Laparoscopic grasper device | Preventing unwanted and harmful
situations.
Prince et al. [76] Robot assistance laparoscopic | To develop a robot for a trainer of
surgery laparoscopic surgery
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Espada et al. [70] Robotic and laparoscopic Identification of prevalence,
instruments location, and incidence of the

attained insulation failures

Kim et al. [75] Laparoscopic ultrasonic Determination of temperature

devices profile and emissivity

2.5 Ergonomics based design

The ergonomics-based design of the instrument motivates in several ways of surgeons. In
several existing types of research, the handles are designed based on ergonomic nature. The
symmetrical type new laparoscopic handle was designed for convenient use of both left and right
hands by the surgeons. A pair of levers on the instrument enables both the motions of end effectors
(open and close) employing the thumb and index finger. In addition to this, the design of a
precision grip on the instrument permits the instrument to be held tightly and enables the required
control in it. This newly designed ergonomic laparoscopic handle provides better performance than
the concept of a ring handle, and it reveals less time consumption and complexity for completing

the task [78].

In addition to this, the contribution of ergonomics is extended to the design of endoscopic
dissector handlers. The handles were designed based on modifications in the contact area. In
between the fingers and thumb, the contact area of the handles was increased and altered in the
eye rings. These modified handle models promote better efficiencies than conventional products
[79]. Tsai et al. [80] explored the safety and feasibility of performing laparo-endoscopic single-

site surgery with conventional laparoscopic instruments based on geometric and ergonomic
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principles. The author concluded that the conventional type laparoscopic instruments are effective

in single-site surgery mainly due to their cost-effectiveness.

Another type of lightweight, handheld, ergonomic type mechatronic instrument was
developed by Hassan Suhrahee et al. [81], which has three degrees of freedom roll-pitch-roll end-
effector. The instrument is designed on certain global aspects such as dexterity, control, and
ergonomics, which enhances the dexterity level of surgeons in the ergonomic interface. A new
pistol grip type ergonomic laparoscopic has been developed to surpass the performances of the
traditional pinch type grip handle. It quantifies the considerations of ergonomic design, and
performance is analyzed based on progressive operations such as peg transfer, cutting, and suturing
of both pinch type and pistol-type handle design [82]. A novel gripper-based laparoscopic handle
was proposed by Gonzalez et al. [83] for enhancing the ergonomic behavior by considering the
muscular activity of the surgeons. Such a proposed handle model offers suppressed muscular

fatigue and minimizes the large amplitude movements.

2.6 Contribution of software in surgical instruments

In surgical instruments, the utilization of simulation is more convenient for determining
their performance. The researches with simulation are very rare in the area of laparoscopy. For
example, in one of the studies [84], two main factors are important in the catheter such as push
force and sleeve length of the catheter. Through the ANSYS simulation, the catheter length is
varied to certain limits. In addition to this, the kinematic deformation of the catheter surgical device
has been analyzed with the help of ANSYS software to determine the displacement error. The
simulation work also prepares to compensate for the predicted errors in the future for the clinical
safety operation. Another simulation work was carried out by Friedrich et al. [85] with the help of
a CAD 3D tool in which suction tips of various surgical instruments are analyzed and optimized
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in terms of flow-dependent suction noises. The factors such as complication reduction, quality
enhancement, enhancement in patient safety, elimination of organ damage, and performance
enhancement in the surgical team are gained from the noise-optimized 3D CAD device. The

contribution of simulation and design software in the different surgical instruments are tabulated

in Table 2.5.
Table 2.5: Simulation Analysis in Surgical Instruments
Author/ Year Software type Purpose
Guo et al. [84] ANSYS Analysis of catheter bending
Interventional surgery.
Wain et al. [86] ANSYS-CFX Blood flow analysis through

coupled and sutured microvascular

anastomoses

Friedrich et al. [85] Computer-Aided Design (3D) Modifications on suction tip

Geometry
Wu et al. [87] Computational Fluid To predict the pressure
Dynamics distributions through the diffused

fins and impeller.

Park et al. [88] ANSYS Strain analysis of structural
instruments
Centenero et al. The CAD (3D) To forecast the post-operative
[89] results in orthognathic surgery.
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2.7 Research gaps in the literature

Medical devices and procedures elucidate the problem confronted during surgeries and
should be favorable to the patient and surgeon with respect to safety and time reduction. There is
a wider scope and a good opportunity in the medical field due to the advancement in the health
care systems, changing lifestyle patterns, and new technology inventions. Hence, instruments with
multi-functional features are highly desirable and can be efficient in eliminating the problems

faced in the latest surgical developments.

The contribution of laparoscopic instruments in minimally invasive surgery is reviewed in
the preceding sections. Based on the analysis, it is found that simulation activities are rare in the
laparoscopic instruments when compared to the other conventional instruments. The CAD model
is rarely used and applied for medical instruments. The application of FEA analysis was limited in
the laparoscopic instrumental applications. Many existing designs of handle forceps are available

with ergonomic-based modifications and their failure analysis.

Contributions of Different Laparoscopic
Instrument

= Forceps =Handle = Robot Assisted - Suction and Irrigation

Figure 2.6: Contributions of laparoscopic devices
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Figure 2.6 summarizes the different modular applications of laparoscopic instruments from
the existing literature. The contributions are categorized in terms of four different devices; namely,
the laparoscopic forceps model, handle design, suction and irrigation type, and the robot assistance
model of the laparoscope. In which, the forceps are mostly used in several types of research.
However, the laparoscopic suction and irrigation devices were limited in the existing reviewed
researches. Thus, it will be seen that the research gap is attained in the suction and irrigation type

of laparoscopic instrument when compared to the other available instruments.

The performances of laparoscopic instruments are analyzed based on the year-wise
distribution in Figure 2.7. Here, three devices are considered for analyzing the performance such

as Forceps design, suction, and irrigation device, between 2011 to 2020.

Analysis of Laparoscopic Instrument
over Existing Reseaches (%)
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0
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Figure 2.7: Year-wise Laparoscopic Instrument Analysis [84]-[89]
Among these three instruments, the performance of the forceps plays a supreme role in the

present scenario. The work on handles is slightly lower when compared to that of forceps. Similar
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to Figure 2.6, the utilization of the design modifications in the surgical applications is rare in

suction and the irrigation type of device.

During the past decade, there has been a significant change in surgeries from open incision
to single-incision surgeries. However, there is not much versatility in instruments. The
incorporation of S-1 devices with dissectors with the same mass flow rate can bring about the
advancement in laparoscopic surgeries. S-1 instrument is used in almost all surgeries like
appendectomy, splenectomy, diagnostic laparoscopy, hysterectomy, and many more, which in
combination with dissectors, can benefit the versatility of the instrument. With this improvement,
there is a reduction in time due to the exchange of instruments resulting in a considerable reduction
in time of operation theatre room and also patient safety for instrument mishandling due to

continuous re-insertion.
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Chapter -3

3 Design and Modeling of Laparoscopic Instrument

3.1 Introduction

During the 19" Century, people realized the hygiene benefits. Before and after surgery,
doctors as well make sure to sterilize the equipment and wash their hands. Such a minor
transformation brought about a drop in mortality rates. Different approaches were being made by
the doctors to overcome the patient's death by a careful and persistent approach towards
disinfection. This, together with the commencement of the Industrial Revolution, got to various
essential standards in the surgical field. Standard devices in the surgeries were introduced, like
scalpel and palpation tube. The surgeons brought about a change in this medical arena and were
given the status of Gods.

Surgeons were able to cut open the ‘patient’s body and exchange or dissect unhealthy organs
as per the requirement. The length of the incision made during this period was about 100mm to
150mm. But still, the patient was not satisfied as the operation time is more, the time of recovery
is in years, and there is a chance of infection. The patient's life can be saved, but the quality of life
was miserable due to post-operative pain and wound complications.

Later, at the end of the 19" Century, the field of minimally invasive surgery brought about
a drastic change and eliminated laparotomy (open-cut surgeries) procedures. This surgery requires
a laparoscope, a camera-enabled instrument to view the abdomen cavity by inflating CO- gas into
it. The other instruments for dissection and grasping have to be introduced due to their smaller size
of 10-15mm to insert and perform surgical operations. This gave a wide range of scope for the

development of instruments used in minimally invasive procedures. The below section briefly
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highlights the advancements made in laparoscopic surgeries and their instruments. However, an
S-1 instrument is taken for analysis, and suitable flow rates are mentioned with respect to five

different pressure drops.

3.1.1 Forthcoming laparoscopic procedures

‘

(’{t' .

o

Figure 3.1 (a) & (b): Single Incision Laparoscopic Surgery
Due to the advancements made in Laparoscopic surgeries, there is a consistent requirement
for instruments concerning ergonomics, versatile, lighter, reusable, and cheap. The future
enhancement to laparoscopic surgeries can be Non-robotic hand-guided assistance surgery and

Robotic laparoscopic surgery.

3.1.1.1 Non-robotic hand-guided assistance surgery

The non-robotic hand-guided assistance surgery can be categorized as laparoscopic single-
incision surgery and single incision single port multi-instrument laparoscopy. They assist surgeons
and their teams provided; the instruments must be multi-functional and versatile to save time and
money. For such surgeries, surgeons suggested a necessity of instrument development and

enhancement to the existing device and mechanisms.
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3.1.1.2 Robotic laparoscopic surgery

This uses a Da Vinci Robotic-arm laparoscopic system, as shown in Figure 3.1. The
machine here will perform surgery as per the instruction or signals given by the surgeon. In this,
multiple incisions are made on the patient. So, the instrument should be robust, versatile, and easy

to use.

3.2 Study area

Previously, the suction device and irrigation device were used as separate units. But, as
technology advances, the S-1 device became a single unit in almost all surgeries. The S-I device is
typically made of either disposable or non-disposable. The non-disposable materials should be
resistant to corrosive materials like alloys of stainless steel. During laparoscopic surgery, there is
a consistent requirement for the S-1 device either to suck the fluid from the abdomen or to irrigate
the fluid to clear the vision for seeing on the monitor. It is basically due to Electro cauterization
surgery that the blood oozes out from the abdomen and needs to clean with water through an
irrigation device. As the fluid gets accumulated inside the abdomen, it gets sucked out by the
Suction device. It is mandatory to view the organs on the monitor clearly to operate and complete
the required surgery. Any unhealthy tissue, blood, or water obstructs the vision of a surgeon. This
adds a considerable amount of time to the operation theatre room risking the patient's life. Thus,
there is a requirement for an instrument that can suffice both cauterization and S-1 device so that
there can be considerable time reduction for both surgeon and patient. A multi-functional
instrument is strongly recommended, which can facilitate a simultaneous operation without re-
insertion of an instrument without a reduction in mass flow rate as per the surgeon's requirement.

Thus, there is a broader scope in the development of surgical devices.
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3.3 Maryland Forceps

This is commonly used to perform laparoscopic operations. Forceps are defined as hinged
instruments that are used for grasping or holding objects. They are usually used by surgeons when
the object in question is too small to be handheld or when other tasks need to be performed while
holding a tissue. Maryland Forceps employ a scissor-like mechanism to open and close long,
curved jaws with tapered tips, which are ideal for precise dissection [23].

3.3.1 Construction of Maryland forceps

Fan et al. [6] proposed laparoscopic forceps, which incorporate the features of grasping
and dissection. The patented design provides spacing between jaws and uses a non-circular tube.
With this feature, the forceps can move inside the abdominal cavity very conveniently in the
available minimum space. Another design of laparoscopic forceps with a handle connected to the
distal and proximal ends of the main body. A handle has a mechanism to operate the end effector,
a pair of jaws connected to a tubular member.

During surgery, the blood and other fluids ooze out of the operated tissue, and an S-1 device
is used to clean and clear these fluids to have a clear vision of the area being operated on by the
surgeon. For this, the laparoscopic forceps is removed from the trocar, and an S-1 device is inserted
into the abdomen through the same trocar. Saline water is irrigated through the S-1 device to clean
the tissue, and the same fluid is sucked out from the site of operation. This procedure is repeated
as and when required. In order to have a clear view of internal organs, the abdomen of a patient is
inflated by pumping an inert gas, like CO.. During the S-1 process, repeated insertion and removal
of the S-1 device causes CO: gas to escape leading to loss of abdomen pressure, which requires it
to be inflated again to the required pressure. The re-insertion of the device consumes more time

during the surgery leading to an increase in the overall surgery time.
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In 2016, Andrew [28] suggested the ‘Reusability’ of laparoscopes and other instruments
like trocars, ports, clip applicators, etc., to bring down the cost of surgery. While doing so, the
reusability should not compromise the hygiene and other safety aspects of the instruments. In a
study on 1803 laparoscopic cholecystectomy (LC) patients, the cost of a disposable instrument set
per procedure was found to be 6.4 times the corresponding cost per procedure with a reusable
instrument set. Further, disposing of wastage accounts for 20% of the hospitals’ average budget

on environmental services, and this can be reduced drastically by using reusable instruments.

3.4 Modified design of Laparoscopic forceps

As stated in the preceding sections, repeated insertion and removal of the S-1 device poses
safety issues, consumes the considerable time of surgery, and causes loss of CO gas, which is
required to keep the abdomen inflated. Hence, there is a necessity to modify the existing design to

incorporate the S-1 feature.

3.4.1 Desired Design Features
The proposed design modification uses the outer tube as a conduit for the passage of fluids,
which is an S-I feature. When the suction-irrigation feature has to be used, the outer tube is slid
forward, and when the jaws are in operation, it is retracted back. This will obviate the requirement
for another incision in the patient’s body for one more trocar. The following are different aspects
considered in the modified design.
Functional:
e The modified design is aimed at multiple functions like the ability to grasp, pick,
hold, manipulate, electro cauterize, seal, suck, and irrigate the fluid present inside the

abdomen of the patient.
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Geometry:

When the sleeve moves towards the distal end, the jaws grasp and dissect the tissue.
When the sleeve rests near the proximal end, it acts as a suction-irrigation device by
enclosing the jaws inside it.

Assembling and disassembling all the parts has to be easier in the modified design.
This will enable the replacement of individual parts and facilitate ease of sterilization

and reusability of the instrument.

The outer diameter of the main body has to be between 10-13 mm, as this is the
maximum diameter that a trocar can generally accommodate.

The length of the instrument has to be around 300-350 mm from its tip to the handle
end, as shown in Figure 3.3 (Also, all figures with dimensions are enclosed in the

appendix).

Mechanisms:

The jaws, which manipulate the tissue, are actuated by a mechanism similar to the
Lazyman mechanism. The jaws are opened and closed by movement of the inner rod
forward and backward.

The modified design has an outer tube or sleeve which can slide inwards and
outwards. When the jaws are in use, the outer sleeve has to remain in a locked

position.

Fluid Mechanics:

The suction-irrigation feature allows the instrument to suck out the fluids from the

abdomen of a patient body and clean the blood oozing out by irrigating the tissue
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area with saline water for clear vision. This is achieved by pumping pressurized fluid
using a suction and irrigation pump.

e The forceps should have a passage that acts as a two-way valve. During irrigation,
the pressurized saline water is pumped at a regulated pressure from the distal end into
the patient body to clean, thereby having a clear vision of the internal organs.
Whereas from the same passage, the fluids from the abdomen are sucked out from
the proximal end. Thus, the passage is the same for both operations.

e The cleaning fluids must be discharged from the instrument at an appropriate velocity
while accurately targeting the affected tissue without interfering with the other parts.

e A steady flow of saline water has to be ensured during irrigation.

Material:

The material selected for the proposed design should be suitable for repeated use, non-
disposable type, and must resist physical and chemical effects due to body fluids, secretions, and
sterilization. The material chosen for all the components of the forceps, except the handle, is
stainless steel of the Austenitic 300 series or Martensitic 400 series. Aluminum is not preferred
due to its thermal properties, reactivity to body fluids, and poor ductile properties. In general, the
420 series stainless steel is used for surgical cutting tools. Hence, 400 series stainless steel is
preferred in surgical equipment due to the addition of Molybdenum, which gives anti-corrosion
properties. For the inner tube, Austenitic 316 series steel can be used as it also has 2-3%
Molybdenum content, which provides better conductivity. The material used for the handle head
and handle link is Polyether ether ketone (PEEK), as it has better chemical and abrasive resistance.

Listed in Table 3.1 are different parts of the forceps with their material and quantity.
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Table 3.1: Material for different components of the modified laparoscopic forceps

ITEM PART NAME MATERIAL QTY.
NO.
1 Inner Rod Stainless steel 1
2 Pin Stainless steel 5
3 Clawbar Stainless steel 2
4 Actuating Connector Stainless steel 1
5 Head Stainless steel
6 Outer Tube Stainless steel 1
Knob Stainless steel 1
Connector Stainless steel 1
9 Outer Sleeve Stainless steel 1
10 Fixed Handle Stainless steel 1
11 Movable Handle Stainless steel 1
12 Link Stainless steel 1
13 Outer Cap Stainless steel 1
14 Locking Pin Stainless steel 1
15 Top Claw with Bar Stainless steel 1
16 Bottom Claw with Bar Stainless steel 1

3.4.2 The Proposed Design

The initial proposed design, as seen in Figure 3.2, is similar to the Maryland Forceps with
modifications to incorporate the S-1 feature. This is accomplished by introducing an additional
hollow pipe (sleeve) over the existing Maryland forceps. A gap between the outer pipe of the
existing forceps and the sleeve serves as an annular region through which the S-1 fluids flow. The

S-1 fluid can be fed to or removed from the device through a small pipe protruding from the outer
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tube at the distal end, as shown in Figure 3.2. In addition, the design facilitates the outer sleeve to
slide along the axis of the pipe so that when surgery has to be performed, the sleeve is pulled
backward, that is, towards the distal end, such that the jaws are allowed to move and perform the
actions like holding & cauterizing during surgery. Whereas, when the irrigating fluid has to be
pumped into the abdomen, the sleeve is pushed forward, that is, towards the proximal end of the
instrument, and the jaws are enclosed within the sleeve. This enables suction or irrigation to be
carried out without the jaws interfering with the process. The sleeve is held locked at the extreme
ends of its motion. A complete description of the components of the proposed design, along with
their functionality, is detailed in the patent [99].

The diameter of the second tube in the proposed initial design shown in Figure 3.2 is too
small for proper fluid flow through the conduit. To accommodate the end effector and its actuating
mechanism, an enlarged part, called the mouth of the tube, has to be provided at the distal end of
the outer tube. This requires a cap-like arrangement on the frontal (distal) end of the outer tube.
This requires additional space to accommodate the end effector and its mechanism, which may
further constrict the space available between the inner and outer tubes. This resulted in a reduced
mass flow rate, and hence the initial design was rejected.

An additional tube is required over the outer tube to act as a conduit for the fluid flow. This
new tube will be outside the jaws, and the grasping mechanism, and the suction and irrigation are
done through the outermost tube. The size of the trocar increases slightly due to this additional
tube. In order to overcome this problem, an alternate design with an extendable stick arrangement
used in an umbrella is proposed. This umbrella stick mechanism is built using a third outermost

concentric tube, which tapers towards the distal end.
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Different trocar sizes commercially available are 2mm, 3mm, 5mm, 10mm, 11mm, and 12
mm. However, surgeons in general use two 5mm trocars and one 10mm trocar, the choice of which
may depend on several factors [96]. In the present design, the outside diameter of the instrument
is 8mm or 10mm, and this requires the usage of 10mm or 12 mm trocar sizes. The present design
is multi-functional and is more useful in surgeries where excessive bleeding or ejection of body
fluids is expected.

The proposed design incorporates the S-1 functionality into the conventional Maryland
Forceps. This task is challenging as the final design must possess the same functionalities of an
already existing Maryland Forceps with an S-I tube incorporated for simultaneous suction and
irrigation as per the demand of the surgeon. On the other hand, this feature also addresses the
limitations of the conventional Maryland Forceps described in section 2.3.4.

Repeated insertion and removal of multiple instruments results in prolonged duration of
laparoscopic surgeries, and surgeons are very likely to feel fatigued [94]. There is invariably a
requirement for a suction irrigator and dissector in most of the laparoscopic surgeries [90]. About
13% to 30% of the operative time is wasted in instrument exchange between the S-I device and
the dissector forceps [26],[27]. Besides, exchanging instruments during surgery compromises the
safety of the patient and disrupts the sequence of operation. Therefore, the proposed design of
forceps would improve surgical performance by functioning as a dissector, grasper, or suction-

irrigator during the surgery.

3.5 Modeling of the modified laparoscopic device

Several useful features for the proposed design of forceps have been discussed in the
previous sections. Based on these requirements, a modified design was conceived and modeled

using SolidWorks Software. Overall, 16 components are designed, namely, head, claw bar & claw,
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pins, claw bar to claw connector, Inner tube, Outer tube, Capslock, Claws (top and bottom), Handle
Head, Handle Mover, outer cap, rod connecting capslock to Handle Mover, two tapered,
concentric flow tubes to enable suction & irrigation. The fluid flow domain of the assembly of
these components is shown in Figure 3.2 and Figure 3.3. The angle of inclination of the protrusion
with the axis of main flow tubes is denoted by ¢. The diameter of the sleeve at the proximal end
is denoted by D. The total length of the assembly is 330mm, and the diameter of the instrument

varies along its length between 8-10mm at the distal end and 13mm at the proximal end.

0.000 0.050 0.100 (m)

0000 0.050 0.100 (m)
0025 0075 0025 0075

Figure 3.2: Initial design of the laparoscopic Figure 3.3: Modified design of the
instrument laparoscopic instrument

Figure 3.2 shows the initial design of the laparoscopic instrument, which is analyzed using
ANSYS Fluent software. The design is such that the jaws are exposed by sliding the outer tube
backward. In this mode, it is similar to Maryland forceps and can be used to perform related
operations. After completion of the surgery, the tube can be moved towards the distal end. In this
position, the outer tube acts like an S-1 device. The left extreme end and the right end with
protrusion shown in Figure 3.3 are the inlet and outlet for the fluid in suction mode. The outer tube
can be slid toward the distal end for performing the S-I operation. The tube at the distal end is

tapered so that the incision made in the patient’s body could be minimal.
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Figure 3.3 shows a modified version of the design shown in Figure 3.2, where the
protrusion is moved away from the proximal end. In addition, only one of the four possible designs
from different combinations of D and ¢ is shown here. The modified instrument is analyzed for
two different values of D, 8mm and 10mm, each for ¢ = 45 and 60 . The optimal design among
these four designs is decided based on the fluid flow analysis of the cleaning fluid, as illustrated

in the following sections.

3.6 Essential components and manufacturing details of the proposed instrument

Our proposed instrument combines the functionality of the forceps, the S-1I device, and the
CO: insufflator into a single instrument, which can be sterilized and re-used with ease. This
instrument does not require multiple re-insertions, leading to a stable CO; pressure in the abdomen.
Each component has its specific purpose and contributes to the overall functionality of the
instrument. The characteristics, features, functions, and materials of every component are
explained briefly in this section. The details of this instrument are described in the patents [6,7].
The fits and tolerances of each of the components described below should ensure that the entire

mechanism operates smoothly without play.

3.6.1 Jaws

Jaws are one of the essential components of the instrument as they directly operate on the
tissue. As shown in Figure 3.4, the jaws are used to grasp, manipulate, cauterize, and seal the
tissue. They are replaceable with other suitable forceps heads for other laparoscopic procedures.
Stainless steel of the martensitic 420 series is a preferred material for the jaws. The jaw's outer
edges and corners are manufactured initially in a CNC machine, then tooths are programmed and

made in the wire-cut machine. The required features of the jaws are:
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e outer edges and corners of the jaws have to be smooth and rounded to avoid injury to tissues.
e withstand sterilization and surgical procedures, as they are subjected to thermal, chemical, and
mechanical stresses.

e a high surface finish, strength, and toughness.

Figure 3.4: Pair of jaws Figure 3.5: Actuating connector
3.6.2 End Effector Assembly

The end effector comprises the jaws that facilitate the four-bar mechanism, as seen in
Figure 3.4. The head encases the four-bar linkage and is used to open and close the jaws. Two of
the four bars are connected to the jaws, while the other two bars are hinged to the head. The end
effector continuously comes in contact with different fluids; hence it is made of 304 series stainless
steel. This complete assembly is step by step made into proportionate size in CNC machine, then
finally programmed and given in wire-cut machine, as the dimensions are of the order of 1mm.

The required features of this end effector assembly are:

e should be sleek and strong enough to bear the stresses exerted during the operation.

e links should be compact to fit inside the head and should have better machinability.

e head, jaws, and four-bar linkage are subjected to a high-frequency current supply and are
constantly in touch with body fluids. So, the material should be non-corrosive and be able to

withstand damage over multiple sterilization cycles.
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3.6.3 Inner Rod and Outer Tube

The inner rod and the outer tube are significant components of laparoscopic forceps. The
inner rod is 2.5 mm in diameter and transmits the motion of the handle to the four-bar mechanism
near the jaws. A metallic outer tube of 3.5 mm outer diameter encloses the inner rod, as shown in
Figure 3.6. The inner rod and outer tube are made of austenitic stainless steel of 316 series due to
material requirements like corrosion resistance, toughness, rigidity, hardness, and mechanical
strength. The inner rod and outer tube are procured as per their dimensions of diameters. Then
inner rod's ball end is rounded off in a CNC machine. The threading operation is performed on a

lathe machine. The required features of the inner rod and outer tube are:

e should incorporate threading and small drill holes for dimensional accuracy.

e the inner rod should be able to transmit the motion of the handle to the jaws.

e the outer tube should be biocompatible to prevent inflammation or allergic reactions as it comes
in contact with the tissue.

e both of them should be easily sterilizable.

3.6.4 Outer Sleeve

The outer sleeve is important because it acts as a suction-irrigation channel to either irrigate
disinfecting saline or suck the body fluids from the patient's abdominal cavity, as shown in Figure
3.6. It is restricted in two extreme positions over the connector to serve multiple purposes. At the
extreme left end position of the sleeve, the suction or irrigation process is carried out. While, at
the extreme right end of the sleeve, the jaws are exposed, and grasping, dissection or cauterization
is performed. The recommended material is 304 series stainless steel. The outer sleeve available
in the market is 8mm inner diameter (ID) and 12mm outer diameter (OD). However, our designed

outer sleeve has 13mm OD. Since the instrument is mainly preferred for lesser OD as the rupture
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in the abdomen can still be reduced. So, 12mm OD is selected. However, the inner diameters (1D)
are not changed. The ID at the left end is 6.5mm and at the right end is 11mm. Only the difference
in the design and fabrication is the thickness is reduced to 1mm. The IDs are made in a wire-cut
machine as a tapered hole from 11mm at the right end to 6.5mm to the left end. A wire-cut machine
is used to achieve smoothness and accuracy. The OD’s are tapered on a lathe machine with 12mm

at the right end and 8mm at the left end. The required features of the outer sleeve are:

e must ensure the fluid is sucked or irrigated within the channel only, and leakage should be
avoided.

e ease of assembling, disassembling, and effective sterilization.

e the distal end near the jaws should be rounded without sharp edges to avoid injury while

inserting it inside the abdominal cavity.

Outer sleeve Inner rod

-

Figure 3.6: Outer sleeve enclosing the inner rod

3.6.5 Actuating Connector

The actuating connector is a link that connects the inner rod and the handle, as shown in
Figure 3.5. A small ball and socket joint are used to connect the inner rod to the actuating
connector. Stainless steel of 304 series is a recommended material. The actuating connector is
fabricated in a tool and cutter machine to make a combination of rectangular and circular profiles.

The required features of the actuating connector are:

¢ should be rigid, tough, and strong enough to bear the loads.

e it should impart rotary motion of the knob to the jaws using a ball and socket joint.
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3.6.6 Handle

Figure 3.7: Design of handle. Figure 3.8: Knob
The handle, as shown in Figure 3.7, is a primary component that is held by the surgeon and
provides access to the instrument functions. The end at which the handle is located is known as
the 'proximal end." It comprises the fixed handle and movable handle. The fixed handle is used to
rest the surgeon's fingers, while the movable handle is used to transmit the motion to a four-bar
mechanism near the jaws. The conventional instrument handle uses different grades of stainless
steel and Poly ether ether ketone (PEEK) material. Here, the handle is machined in combination
of manual and CNC lathe machines, then the die is made and moulded with rubber material. The
desirable material properties of a handle are chemical resistance, toughness, rigidity, hardness, and
mechanical strength. The required features of the handle are:
e Provision to accommodate the high-frequency electrical power cable for electro-cauterization
operation.
e Ergonomically designed to enable surgeons to hold it longer durations without causing strain or
injury.
e It should be properly insulated against electrical shock to both surgeon and patient during

electro-cauterization.
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3.6.7 Knob

As shown in Figure 3.7, its purpose is to facilitate the surgeon to orient the jaws in the desired
direction. It is connected over the outer tube and imparts 360° rotation to the jaws. Stainless steel
material is also used for the knob. The knob has a beautiful aesthetic look of gear profile and so is
machined in a CNC machine, whose required features are:
e should have a firm grip over the outer tube such that the rotation of the knob rotates the outer

tube and, eventually, the jaws.

e the spacing between the protrusions should be ergonomically suitable for the surgeon to operate

using fingers.

3.6.8 Connector

Its function is to restrict fluid flow in one direction and to hold the outer sleeve in two
extreme positions. The outer sleeve slides over the rubber washers, which prevents the leakage of
fluids. The connector is provided with a groove on the collars for the locking pin to slide into,
which restricts the axial motion of the outer sleeve, as shown in Figure 3.9. The recommended
material for the connector and collars is 304 series stainless steel, which has good corrosion
resistance. Biocompatible rubber is recommended for the two washers close to the left end. The
connector is step turned and drilled a hole in a lathe machine, and locking pinholes are made in a

wire-cut machine. The required features of the connector are:

e must prevent fluid from oozing out of the device during surgery.

¢ rubber washers must facilitate the easy movement of the outer sleeve.
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3.6.9 Link

The purpose of the link, as shown in Figure 3.10, is to convert the angular motion of the
handle to the translatory motion of the actuating connector such that it imparts movement to the
end effector assembly. The link is machined in a CNC machine, as the size is too small to be held,
and holes are drilled carefully on a drilling machine. The preferred material is 304 series stainless

steel.

Figure 3.9: Connector Figure 3.10: Link Figure 3.11: Outer cap

3.6.10 Outer Cap
The outer cap, as shown in Figure 3.11, is threaded to hold the inner rod and the handle
assembly together. The preferred material is 304 series stainless steel. The complete operations of

the outer cap are manufactured in a lathe machine.

3.6.11 Locking Pin & Pins

Figure 3.12: Locking pin Figure 3.13: Pins
The locking pin, as shown in Figure 3.12, is used to fix the outer sleeve at two extreme
positions by sliding into the grooves on the collars of the connector. The locking pin is fabricated
in a CNC machine due to the complexity of handling the small piece. Pins, like those in Figure
3.13, are used to join the four bars of the end effector assembly at the two ends of the link and the

pivot of the handle. The preferred material for locking pins and pins is 304 series stainless steel.
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The pins should withstand forces experienced during the actuation of the handle and the jaws. The
pins are taken directly from the market of 1mm diameter, and length is proportionately cut to fix

in an assembly.

3.7 Construction of the modified laparoscopic device

Figure 3.14: Exploded view of component parts of the device assembly

Referring to Figure 3.14, the laparoscopy device of the present invention comprises of an
inner rod (1), a pin (2), a claw bar (3), an actuating connector (4), a head (5), an outer tube (6), a
knob (7), a connector (8), an outer sleeve (9), a fixed handle (10), a movable handle (11), a link
(12), an outer cap (13), a locking pin (14), a top claw with bar (15), a bottom claw with bar (16)

and a terminal (17).
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The top claw with bar (15) and the bottom claw with bar (16) forms a jaw assembly. The
fixed handle (10) and a movable handle (11) form a handle assembly.

The inner rod (1) transmits the motion of the fixed handle (10) and movable handle (11) to
the top claw with bar (15) and bottom claw with bar (16). The claw bar (3) is used to
activate the motion of the top claw with bar (15) and the bottom claw with bar (16) by
connecting with the inner rod (1). The actuating connector (4) connects the fixed handle
(10) and movable handle (11) with the inner rod (1) through a ball and socket joint. The
head (5) encases a jaw assembly comprising of a top claw with bar (15) and a bottom claw
with bar (16). The outer tube (6) encloses the inner rod (1) and contains threading for
attaching the connector (8).

The knob (7) is connected to the outer tube (2) to change the orientation of the jaw
assembly. The knob (7) comprises a plurality of symmetric grooves, which can be rotated
either clockwise or anticlockwise. The grooves also ensure that they can be operated using
only one finger, usually the index finger of the same hand which holds the instrument.
The connector (8) is fitted with rubber washers to restrict flow in one direction. The
connector (8) acts as the extreme position for the outer sleeve (9) and has a groove for the
locking pin (14) to slide into, fixing the outer sleeve (9) in place.

The outer sleeve (9) acts as a suction-irrigation conduit. The motion of the outer sleeve (9)
is restricted to two extreme positions using grooved metallic collars to house a locking pin
(14). The locking pin (14) affixes the outer sleeve (9) in the two extreme positions by
attaching it to the connector (8) and locking it in place.

The laparoscopic device of the invention operates in two modes, depending on the position

of the outer sleeve (9), namely suction-irrigation (S-1) mode and forceps mode. In suction
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irrigation mode, the outer sleeve (9) can be locked into the grooves on the connector (8)
through a locking pin (14). When the locking pin (14) is rotated, the outer sleeve (9) is
fixed in a position, allowing the surgeon to handle the device without dislodging the outer
sleeve (9). When the outer sleeve (9) is pulled back, the jaw assembly is uncovered, and
the forceps mode of the laparoscopic device is activated.

The fixed handle (10) connects the jaw assembly with the actuating connector (4) near the
handle, whereas the movable handle (11) transmits the motion of the surgeon. The link (12)
is used for converting the angular motion of the movable handle (11) to the translatory
motion of the actuating connector (4). The outer cap (13) joints the inner rod (1) and jaw
assembly, and the handle assembly via threading. The jaw assembly is used primarily for
grasping the tissue or an organ and cauterizing. Pins (2) are used for affixing various
components of the laparoscopic device.

The handle assembly has been ergonomically designed to be comfortably held and operated
with a single hand. The movable handle (11) is operated using the thumb, while the index
finger rests on a groove near the hub of the fixed handle (10).

The device of the present invention has an outer sleeve (9) over the laparoscopic forceps
known in the art. A gap between the outer tube (6) of the forceps and the outer sleeve (9)
serves as an annular region through which the suction irrigation fluids flow. The suction
irrigation fluid can be fed to or removed from the device through a small pipe protruding
from the outer tube at the distal end, as shown in Figure 3.14.

In addition, the design of the laparoscopic device of the present invention facilitates the
outer sleeve (9) to slide along the axis of the outer tube (6) so that when surgery has to be

performed, the outer sleeve (9) is pulled backward, i.e., towards the distal end. The jaw
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assembly is then actuated using the handle assembly to move and perform various surgical
operations.

Whereas, when the irrigating fluid has to be pumped into the abdomen, the jaw assembly
is first brought to a closed position using the handle assembly. Then the outer sleeve (9) is
pushed forward, that is, towards the proximal end of the instrument, enclosing the jaws
within the sleeve. This enables suction or irrigation to be carried out without the jaws
interfering with the process. The outer sleeve (9) is held locked at the extreme ends of its
motion, as shown in Figure 3.19.

The jaws can also be rotated by rotating the knob (7) located near the handle for adjusting
the orientation of the jaws. In addition, electro-cauterization can be carried out by
electrically activating a terminal (17) located on the handle and passing an electric current
through it.

In an embodiment, the inner rod (1), the outer tube (6), and the outer sleeve (9) can all be
made flexible to increase the flexibility of the laparoscopic device so that the device itself
can be bendable during the operation. In another embodiment, the locking pin (14)
mechanism of the device is automated for locking the outer sleeve (9). In another
embodiment, carbon dioxide (CO.) gas can be passed through the annulus in the outer
sleeve (9) itself by duly modifying the valve, which controls suction or irrigation inlets
from the pump.

During surgical operations, a surgeon can push the outer sleeve (9) forward, covering the
jaw assembly to activate the S-1 mode. The device can be used to disinfect the operated
region, reducing the chances of infection or inflammation after the surgery, in addition to

obtaining a clear view. The supplied fluid includes saline water or any other disinfecting
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fluid as required by the surgeon. The outer sleeve (9) is a homogenous tapered tube with
different diameters at the proximal and distal ends. It has a protrusion that acts as the outlet
during the suction operation and an inlet during the irrigation operation.

» In the conventional procedure, after the dissection operation, the forceps are removed from
the trocar, the suction irrigation tube is introduced, and the suction irrigation process is
carried out. This exchange of forceps and the suction irrigation tube has to be done multiple
times, as and when required.

» The laparoscopy device of the invention eliminates the need for multiple insertions and can
potentially minimize the cost of surgery to suit medical needs, particularly of the rural
population, and can improve the ease of usage to carry out surgery smoothly and

effectively.

3.8 Mechanisms

The previous section describes the various components and their working. In this section,
the different mechanisms connecting the components are described. The basic mechanisms in our
current design of forceps include a four-bar mechanism, a sliding mechanism for an outer sleeve,
the outer sleeve locking mechanism, a knob to change the orientation of the jaws, and the handle

mechanism with suitable linkages.

3.8.1 Handle Mechanism

It comprises three distinct parts, namely the fixed hub, the movable handle, and the link.
The movable handle is pivoted to the fixed hub so that it can rotate around that point within the
constraints of the geometry of the hub when moved by the surgeon. The link joins the movable
handle to the connector, transforming the angular motion of the movable handle into the translatory

motion of the connector. The default position of the handle is shown in Figure 3.15. Therefore,
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when the handle is moved towards the fixed handle, the link transmits the motion to the connector,
which is affixed to the inner rod, making it move towards the jaws. This movement activates the

four-bar mechanism encased in the head, which is explained below.

Figure 3.15: Handle in default position Figure 3.16: Handle position when actuated

3.8.2 Four-bar Mechanism

The head encloses a four-bar mechanism that connects the two jaws to the end of the inner
rod. The main function of this mechanism is to open and close the jaws. The bars extending from
the two jaws are held together at their center using a pin, which is one end of the four-bar
mechanism. The other end of this mechanism is attached to the inner rod, as shown in Figure 3.17.
When the surgeon actuates the handle, the inner rod moves to the left, resulting in the jaws being

opened, as shown in Figure 3.18.

Figure 3.17: Closed configuration of jaws Figure 3.18: Open configuration of jaws
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3.8.3 Outer Sleeve and Locking Pin Mechanism

The outer sleeve is capable of sliding over the outer tube of the forceps. It has two extreme
positions, which are defined by the grooves in the connector, as shown in Figure 3.19. The locking
pin fixes the outer sleeve into either of these grooves, ensuring that the outer sleeve cannot move
during operation. When the outer sleeve completely covers the jaws, it is in the S-1 mode, as shown
in Figure 3.19. When the sleeve is retracted to the other extreme position, and the jaws are

uncovered, the device is in the Forceps mode, as shown in Figure 3.20.

Figure 3.19: Device in S-1 mode Figure 3.20: Device in Forceps mode

The locking pin depicted in Figure 3.19 is inserted within the groove in the outer sleeve and
the connector. Then the pin is rotated to lock the outer sleeve in either of the positions described

above. This arrangement ensures that the outer sleeve does not move and disrupt the surgery.

3.8.4 Knob

The surgeon can change the orientation of the jaws as and when required by rotating the
knob clockwise or anticlockwise, as shown in Figure 3.7.

Thus, all the above components constitute an assembly of the modeled laparoscopic forceps
and are fabricated accordingly as per the dimensions. These are manufactured using different
machines such as three-axis CNC lathe machines, three-axis CNC milling machines, surface

grinding machines, drilling machines, and CNC wire-cut machines.
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Chapter- 4

4 CFD Analysis of the Newtonian Fluid Flow in the Proposed Forceps

4.1 Methodology

4.1.1 Existing device: Suction-irrigation (S-1) instruments

Abraham Frech et al. [10] designed a suction instrument that overcomes the problem of
occlusion by introducing a sponge near the instrument tip. However, if sponges are misplaced or
kept in the abdomen may result in a severe challenge to the patient after post-operative pain. In
some cases of appendectomy surgery, an irrigation instrument is compared and examined with a
suction instrument [10],[90], while others have concentrated on the Sl instrument for pressure
recommendation [55]. Studies have also been conducted on wound complications during negative

suction pressure [91],[92].

Blunt end rocar
Distal portion ’/T

/Inigation tip . connector

—ﬂ/_# Proximal portion
\ [

Bow portion |

Figure 4.1: Bowed tip inserted into trocar during suction in Laparoscopic surgery

The success of laparoscopic procedures is subject to the surgeon interacting in 2D vision
with the tissues using surgical tools rather than open-cut 3D vision. During surgeries, a standard
S-I instrument most commonly used is either a 5mm or 10mm diameter extending up to a length
of 330mm [93]. This S-I instrument has a problem with repeated insertion during the surgery
whenever there is an obstruction in the field of view from the monitor [94]. The blockage can be

basically due to blood clots or any charred particles during cutting, dissection, and fulgurating the
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tissue. It so happens that the abdomen is filled with CO> gas, and there is a chance of escape of gas
when multiple instruments are re-inserted. It can be avoided by introducing a new instrument that
can dissect, grasp, suck or irrigate with the same instrument. Before doing this, the preliminary
results of the S-1 device will facilitate the modified instrument to incorporate S-I device results

and compare them effectively.

4.1.2 Existing device: Preliminary Results and discussion

S Boundary Mgsh reﬁnvement Defining B.C at
device conditions (BC) —| Studiesatdifferent | | =0 o o
modelled set-up & Mesh elements and pressures
nodes l
NO Satisfying
NO convergence

criteria

YES

exceeding S-1
pump flow
rate (2.5
1/min)

Post-Processing results

YES

Post-processing values of Pressure, Velocity, Turbulence
kinetic energy, Turbulence eddy dissipation

Figure 4.2: Flow steps in the numerical analysis of the S-I device
Based on the design given in the Aesculap manual [95][96] and other German manuals,
the S-1 conduit shown in Figure 4.3 with a 5 mm inner diameter and 330 mm length is modeled in
SolidWorks. This S-I conduit is analyzed in ANSYS Fluent to compare the flow features with that

of the modified forceps.
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Figure 4.3: Model of S-1 conduit having 5 mm inner diameter and 330 mm long

Table 4.1: Properties of the fluid used

Properties of the fluid used (water)

Units Values
Density kg/m?® 998.2
Viscosity kg/m-s 0.001003

Figure 4.3 shows the modeled S-1 conduit, which is used to clean the site of surgery by
pumping fluids. As shown in Figure 4.4 and Figure 4.5, for irrigation, the inlet is on the right side,
i.e., the proximal end and the outlet is on the left side of the instrument, i.e., the distal end. In the
case of irrigation, the pressure difference between the right (pump) and left (abdomen) ends of the
device is AP. Inlet-outlet pressure difference, AP, is defined such that it is always positive. In our
analysis, AP is taken as 5mm, 10mm, 15mm, 20mm, and 25 mm Hg. In case of suction, fluid from
the abdomen (left) end enters into the device and leaves from the right (pump) end. Therefore, AP
is defined here as the pressure difference between the right and left ends of the device. As

mentioned before, the abdomen is inflated to 10mm Hg gauge pressure with CO», which is imposed
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as a boundary condition at the distal end. The pressure boundary condition at the proximal end of
the device can be computed from this abdominal pressure and the imposed AP.

ANSYS Fluent is used to carry out CFD simulations for flow analysis in both the S-I
conduit and the proposed laparoscopic instrument. The model is analyzed using a steady-state
pressure-based Navier-Stokes solver with the SIMPLE algorithm. Standard k — & turbulence model
with enhanced wall treatment is used to simulate the flow of water at standard temperature and
pressure conditions. Given in Table 4.1 are the properties of the fluid (water) used. The right side,
left side, and the outer surfaces of the S-1 conduit are given inlet, outlet, and wall boundary
conditions, respectively, in irrigation mode. In both suction and irrigation modes, and for all five

sets of pressure variations, mass fluxes are computed and compared in this analysis.

- 4.027e+03
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| 3.3530+03
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l1-67°e+°3 [ |
©
Figure 4.4: Pressure contours for irrigation operation for AP of a) Smm Hg, b) 10mm
Hg, ¢) 15mm Hg, d) 20mm Hg, and €) 25 mm
The pressure and velocity contours in the S-I conduit are shown in Figure 4.4 and Figure
4.5 for the above-mentioned AP. From Figure 4.4 we see that the pressure decreases uniformly
over the length of the tube as expected. The velocity contours in Figure 4.5 show that the flow is
developing at the inlet for a short distance, after which it assumes a fully developed profile. As the

applied pressure difference, AP, across the instrument increases, we can see that the maximum
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fluid velocity also increases in it. These results obtained in the case of irrigation mode are also

applicable for the suction mode with the flow direction reversed.

1.500e+00 (a)
1.350e+00 | |
1.200e+00 (b)

3000601 |
1.500e-01
0.000e+00 (€)

Lt Figure 4.5: Velocity contours for irrigation operation for AP of a) 5mm Hg, b) 10mm Hg,

¢) 16mm Hg, d) 20mm Hg, and €) 25 mm Hg

Since very few computational analysis is carried out in medical instrument, the novelty of
work lies in the determination of mass flow rates with the help of ANSY'S Fluent from the medical
perspective. It is clear that with an increase in pressure difference, the mass flow rate also
increases. The suction irrigation pump used in laparoscopic surgeries has a maximum flow rate of
1.8 lit/min [8] in both suction and irrigation processes. The ideal pressure to be sent to the abdomen
is 1333 Pa. So, the inlet pressure is set at this pressure, as shown in Figure 4.4, but the outlet
pressure in case of suction is decreased in steps of 5mm Hg (666 Pa) so as get the flow rates. The
flow rate in the abdomen is varied from patient to patient, depending on the obesity. However,
negative pressure can suck the tissue from the abdomen. Hence, 10 mm Hg (1333 Pa) is considered
the maximum safe limit within which the fluid can be irrigated or sucked from the abdomen cavity.
The mass flow rate of 0.0179 kg/sec is equal to 1.07 lit/min, which is well below the S-I pump
limit and can be irrigated or sucked for effective tissue rinsing. From the analysis, at maximum
pressure difference at -2000 Pa, corresponding velocity, turbulence eddy dissipation, and

turbulence kinetic energy are found to be 1.354 m/s, 1294 m?/s®, and 0.08247 m?/s* respectively.
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With these S-1 device results, the work shall be further proceeded to incorporate dissection and

grasping features to make an instrument more useful in the field of modern laparoscopic surgeries.

Pressure variation with flow rates

Pressure variation (mmHg)
= [ N =]
[S) v S w

(9]

T T T
0 0.005 0.01 0.015 0.02
Mass flow rate (kg/s)

Figure 4.6: Mass Flow rate at different pressure variations across the device
With this analysis and findings in this chapter, further research study has been carried out

to study other laparoscopic instruments and their utilization in the operation theatre.

4.2 Analysis of Laparoscopic device

For the flow analysis of the proposed laparoscopic device, similar steps as that of the
modeled S-I conduit are followed. 267,393 nodes and 672,744 elements are used to mesh models
shown in Figure 4.8 to Figure 4.10. Four different cases are considered for fluid flow numerical
analysis with a combination of D =8mm & 10mm, and ¢ = 45~ & 60". For each of these four
cases, five different AP values ranging from 5mm to 25 mm Hg (gauge pressure) are used in steps
of 5mm Hg in both suction and irrigation modes. In the case of suction and irrigation modes, the
direction of fluid flow is essential for the modified design of forceps, as the geometry is not
symmetric about its center, in contrast to that of the S-I conduit.

For each of the four designs mentioned above, the fluid flow region is imported from the
SolidWorks model shown in Figure 4.7 and applied boundary conditions are similar to those of
the S-1 conduit. Despite carrying out mesh convergence studies with 672,744, 745,051, and
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874,163 elements, the results are found to be independent of the mesh refinement used. Each of

these four models mentioned above is simulated using ANSYS Fluent and post-processed for

pressure, velocity, turbulent kinetic energy, dissipation rate contours, and mass flux rates.

Figure 4.8: Mesh used near the protrusion Figure 4.9: Mesh used near the jaws

e iaTats
AT

Figure 4.10: Mesh used in the flow tube

4.3 Results and discussion

Shown in Figure 4.11 to Figure 4.26 are the contour plots of pressure and velocity used to
compare flow features in the four different designs. Suction and irrigation cases together, pressure
and velocity contours for three different AP values are presented instead of all the five cases as a
matter of convenience. Contours for turbulent dissipation rate with AP values of 25mm Hg are
shown in Figure 4.28. For ease of comparison, in each set of plots, the contours are plotted with
the same minimum and maximum legend values.
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4.3.1 Geometry model D = 8mm case with ¢ = 60°

In the modified design with D = 8mm and ¢ = 60", the S-I channel has a 2mm passage
for the fluid to flow. For fluid flow analysis, in the case of irrigation, with AP = 5mmHg, the
pressure at the inlet (point A, Figure 4.7) is set to 15mm Hg, and pressure at the outlet (at point B,
Figure 4.7) is set to 10mm Hg. Whereas in the suction case, the same analysis is repeated,
considering point B as inlet and point A as an outlet under the same pressure conditions.
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Figure 4.11: Pressure contours for AP of (a)5mm Hg, (b)15mm Hg, (¢)25 mm Hg
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As seen from the contour plots shown in Figure 4.11 to Figure 4.14, both in suction and
irrigation, the pressure variation from inlet to outlet increases as AP increases as expected. From
the pressure contours in Figure 4.14, it is clear that the pressure drop in the device occurs primarily
at two locations for the suction process. The first pressure drop occurs at the flow inlet (near the
jaws) and the second one at the flow exit (near the protrusion). At the inlet, the fluid has to navigate
the complex geometry around the jaws and the actuating mechanism to get into the annular tube,
which results in a pressure drop. In addition, the flow cross-section suddenly reduces at the inlet
due to the presence of jaws, which in turn results in increased velocity and reduced pressure. Near
the flow exit, the flow takes a sharp turn due to protrusion and results in a drop in pressure. Due
to flow through the long annular section, pressure drops along the flow path. However, this
pressure drop is small compared to the two minor losses mentioned near the flow inlet and outlet.

Similar pressure contours are observed for all suction cases with five different AP values.

Figure 4.12 shows the velocity contours for three different AP values in case of suction.
For all three cases, we see that the velocity of flow attains peak values at the centrelines of both
protruding pipe and the annular section. The velocity of flow is less in the annular region and
increases near the jaws because it is more constricted. The flow velocity to the right of the
protrusion (proximal end) is negligibly small, which is like a stagnant zone as no flow occurs there.
Similar flow velocity contours are observed for irrigation, too, with minor variations. Further, the
magnitude of velocity in the flow domain also increases with an increase in pressure drop, as

expected.
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Contours of pressure (Irrigation):
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Figure 4.13: Pressure contours for AP of (a)5Smm Hg, (b)15mm Hg, (¢)25 mm Hg

Contours of velocity (Irrigation):
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Figure 4.14: Velocity contours for AP of (a)5mm Hg, (b)15mm Hg, (¢)25 mm Hg

The pressure contours shown in Figure 4.13 for the irrigation cases are slightly different
when compared with the suction cases. The corresponding pressure drops at different sections are

relatively more minor and more uniform throughout the length of the flow domain.



4.3.2 Geometry model D = 8mm case with ¢ =45

Figure 4.15 to Figure 4.18 show the pressure and velocity contours for the modified design
with ¢ = 45°. The boundary conditions applied are the same as those for ¢ = 60". The overall
variations of pressure and velocity contours are similar to those for ¢ = 60, with small variations.

Figure 4.11 and Figure 4.15 depict the pressure variation with ¢ = 45" and ¢ = 60"
repectively. For ¢ = 45, the pressure variation is observed to be more than that for ¢ = 60", In
both the cases, pressure drop near the jaws (where the geometry is complex), during suction is
more than that during irrigation (Figure 4.13 and Figure 4.17). This is seen in the contour plots for
suction when there is a distinct change in the pressure. This is, however, not observed in the
contour plots of irrigation where the pressure changes are less near the jaws, as the fluid flows
over them are in a more streamlined manner. A similar trend is also observed near the protrusion

end.
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Figure 4.15: Pressure contours for AP of (a) 5Smm Hg, (b)15mm Hg, (c)25 mm Hg
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Contours of velocity (Suction):
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In the velocity contours, the magnitude of the peak velocity for ¢ = 45" (Figure 4.14 and
Figure 4.18) is larger compared to that for ¢ = 60" (Figure 4.12 and Figure 4.17) in both suction
and irrigation modes. This is primarily seen inside the protrusion, where the pressure drops are
higher for ¢ = 45", which result in larger velocities. Hence, it may be concluded that the design

with ¢ = 60 " is better compared to that of ¢ = 45, as lesser pressure drop for the same flow rate

is desirable.
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el Figure 4.18: Velocity contours for AP of (a)5mm Hg, (b)15mm Hg, (c)25 mm Hg

4.3.3 Geometry model D = 10mm case with ¢ =60
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Figure 4.19: Pressure contours for AP of (a)Smm Hg, (b)15mm Hg, (c)25 mm Hg

Figure 4.19 to Figure 4.22 illustrates the results for the modified forceps of 10mm diameter,
which has only 2.5mm thick annular passage for the fluid flow. As shown in Figure 4.7, the
boundary condition for suction is set at the distal end (point B) at a constant 10mm Hg, and
pressure at the proximal end (point A) is reduced in steps of 5mm Hg from 5mm Hg to -15mm

Hg. While in the case of irrigation, the same procedure is repeated except that point A will act as

an inlet, and point B is the outlet.
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From Figure 4.19 and Figure 4.21, the pressure drop across the jaws and the protrusion are
observed to be significantly more in suction mode compared to that in the irrigation mode. The
peak velocities in the fluid domain are higher for suction compared to irrigation. Similar trends in
pressure and velocity are observed for D = 8mm.
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It Figure 4.20: Velocity contours for AP of (a)5mm Hg, (b)15mm Hg, (c)25 mm Hg
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Contours of velocity (Irrigation):
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Figure 4.22: Velocity contours for AP of (a)5mm Hg, (b)15mm Hg, ()25 mm Hg

4.3.4 Geometry model D = 10mm case with ¢ =45

Figure 4.23 to Figure 4.26 illustrates the results for modified forceps with a 10 mm annular
diameter and 2.5 mm passage. The boundary conditions remain the same as that of the design with

D =10mmand ¢ = 60",

Contours of pressure (Suction):
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~ Figure 4.23: Pressure contours for AP of (a)5mm Hg, (b)15mm Hg, (c)25 mm Hg
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Contours of velocity (Suction):
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Figure 4.24: Velocity contours for AP of (a)5mm Hg, (b)15mm Hg, (c)25 mm Hg

From Figure 4.23 and Figure 4.25, pressure drop across the jaws is found to be less

compared to that near the protrusion, even though the geometry of the jaws is more complicated.

This trend is found to be consistent for both 8mm and 10mm designs during suction and irrigation

modes with ¢ = 45 and ¢ = 60°. This may be attributed to two reasons. Firstly, the fluid flow

takes a sharp turn near the protrusion, thereby developing a recirculation region. Secondly, since

the flow is through an annular region before entering protrusion.
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Figure 4.25: Pressure contours for AP of (a)5mm Hg, (b)15mm Hg (¢)25 mm Hg
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Contours of velocity (Irrigation):
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4.4 Summary of different designs: Variation of mass flow rate through the devices with

applied pressure difference.
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Figure 4.27: Comparison of mass flow rates through different devices in (a) suction and (b)

irrigation modes of operation

The mass flow rate variation with respect to the applied pressure difference is shown in
Figure 4.27. Four types of forceps designs with two different diameters (8mm total diameter, which

has 2 mm annular region, 10mm total diameter, which has 2.5 mm annular region) and two
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different protrusion angles ¢ = 45° and ¢ = 60" are compared both in suction and irrigation
modes. These designs are, in turn, compared with the initial design.

From Figure 4.27, we note the following salient points. The mass flow rate

for all the modified designs and SI conduit is higher than that of the initial design.

for all the modified designs are higher than that of the SI conduit.

is higher for ¢ = 60" design compared to ¢ = 45 " design for both D = 8mm & 10mm.

is higher for D = 10mm design compared to D = 8mm designs.

increases with an increase in pressure difference across the device.
All the observations mentioned above hold for both suction and irrigation modes of the device.

Table 4.2: Comparison of mass flow rates through different devices in suction and irrigation modes

Mass flow rate (g/s) in Suction Mode

Pressure S-1 device ¢ =60" ¢ =45"
difference Initial Design D=8 mm D=10mm D=8 mm D=10 mm
(mm of Hg)
5 6.4 3.2 9.69 13.20 7.56 9.45
10 9.9 4.6 14.70 17.40 11.74 14.03
15 12.9 4.9 18.90 21.50 14.59 17.30
20 15.5 7.4 22.40 25.00 16.73 20.00
25 17.9 6.5 23.50 28.10 22.18 22.48
Mass flow rate (g/s) in Irrigation Mode
Pressure S-1 device ¢ =60" ¢ =45
difference Initial Design D=8 mm D=10mm D=8 mm D=10 mm
(mm of Hg)
5 6.4 2.9 10.10 15.70 8.61 12.46
10 9.9 4.4 15.50 22.00 11.25 18.53
15 12.9 5.7 19.60 26.00 17.14 23.03
20 15.5 6.8 23.10 30.30 20.12 27.22
25 17.9 7.8 26.30 33.80 22.95 30.97

The mass flow rates for different designs in suction and irrigation modes are listed in Table
4.2. The tabulated values show that the mass flow rates through different designs are consistently

more in irrigation mode compared to those in suction mode.
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Contours of turbulence dissipation
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Figure 4.28: Turbulence dissipation rate contours for 25 mm Hg pressure

difference

Several conclusions drawn in the preceding discussion are also reflected in the contours of

turbulence parameters like turbulent kinetic energy and dissipation rate. Figure 4.28 shows the

contour plots of energy dissipation rate for different diameters and protrusion angles designs in

both suction & irrigation modes. The contour plots of turbulent kinetic energy closely resemble
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those of the energy dissipation rate and are hence not shown here. From these contours, we observe

that,

Suction vs. irrigation modes: € is high in the suction mode for all the designs in the protrusion

and forms a bottleneck for the outgoing fluid resulting in lower flow rates. In contrast, in the
irrigation mode, though the dissipation rate is high in the region where incoming fluid from
the protrusion strikes the inner annular wall, the flow can continue past the annulus to its
diametrically opposite end resulting in less pressure drop and relatively higher flow rates.

D = 8mmvs. D = 10mm designs: € is smaller near the jaws for the D = 10mum design as the

fluid can flow through a greater cross-sectional area with lower velocities. This also increases
the mass flow rate for the D = 10mm designs, as observed in Figure 4.28. € is also higher in
the region where the incoming fluid strikes the inner annular wall for D = 10mm design than
the D = 8mum design in irrigation mode. This is because the corresponding mass flow rate is
high for the same cross-section (for D = 10mm design) and results in larger turbulence.

¢ = 45° vs. ¢ = 60° designs: € is similar near the jaws but higher near the protrusion for the

¢ = 45° designs in comparison with ¢ = 60° designs. This results in a more substantial
pressure drop and decreased mass flow rate for the ¢p = 45° designs near the protrusion region.

Jaws vs. protrusion regions: € is high near the jaws and protrusion when compared with that in

the straight annular pipe flow. € is also high near the protrusion when compared with that near
the jaws for all the cases. This can be related to high-pressure drop near the regions of high e
(i.e., the areas of high turbulence), as illustrated in the pressure contours, as shown in Figure

4.28.
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4.5 Experimental study

The proposed laparoscopic device modeled in SolidWorks is fabricated as per the design
with D = 8 mm and ¢ = 60° S-1 channel for the fluid to flow. Initially, to prepare the set-up for
experimentation, carpentry work is done to hold the instrument in place, as shown in Figure 4.29.
To measure the pressure drop at two extreme ends, a T-junction is attached at both ends. One end
of the T-junction is attached to the manometer, and the other end is connected to pass the fluid. A
similar T-junction is set up at the other end of the instrument, as shown in Figure 4.30. For fluid
flow, in the case of irrigation, the pressure drop is calculated between these two ends (point A acts
as an entry and point B acts as an outlet, as shown in Figure 4.7). A T-junction is required at both
ends for connecting the manometer and passage of the fluid channel. The schematic diagram for
irrigation process is shown in Figure 4.31. Whereas in the case of suction, the same analysis is
repeated, considering point B as an inlet and point A as an outlet under the same pressure

conditions as shown in Figure 4.33.

Figure 429 Stand for holdln aparoscoplc mstrument in place

The water is passed from the tap water pressure and is regulated through the butterfly valve.
The valve is opened slowly and set at a pressure difference in the manometer. A beaker is used to

measure the flow rate by measuring the time taken for 700 ml of water to flow. Gradually, the flow
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rate is increased by adjusting the valve, and the resulting pressure difference in the manometer is

noted down. Similarly, the suction results are noted down by reversing the entry and exit points.

Figure 4.30: Experimental set-up of the instrument

Tank Irrigation tub

pd

Irrigation valve/ Tap

i

Irrigation tube Irrigation port

Glass

beaker

Figuré 4.31: Experimental setup for schematic diagram during irrigation process
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Figure 4.32: Comparison between experimental and simulation results of Irrigation process in the
laparoscopic instrument
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Figure 4.33: Experimental setup for schematic diagram during suction process
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Figure 4.34: Comparison between experimental and simulation results of Suction process in the
laparoscopic instrument

Figure 4.32 and Figure 4.34 compare numerical analysis and experimental results of the
Irrigation and Suction process, respectively. It is seen from both figures that the experimental result
is slightly more than the simulation results, particularly for larger pressure drops. It is possibly

because of the following differences:

1. The flow is simulated using k — e model, assuming it is fully turbulent. However, there are
regions of the flow domain, which are laminar or regions where the flow transitions from
laminar to turbulent flow. The k — ¢ model effectively adds higher viscosity to the fluid
resulting in smaller flow rates in the simulation. This primarily explains the observed
differences.

2. The fabricated device is of similar dimensions as the modeled one and given a smooth
surface finish using a wire and cut machine. Despite this, there could possibly be a minor
mismatch in the dimensions, particularly for the small internal components and surface

finish, due to tolerances in the fabrication processes.
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3. In the numerical analysis, simulation is considered with some part beyond the protrusion
end of the instrument up to a stopper in the connector component. But, in actual
experimentation work, the washers are immediately placed at the connector such that there
is no leakage and passage of fluid beyond the protrusion end. This eliminated the backflow

of water inside the fabricated instrument.

Since the purpose of fabrication was to meet the mass flow rates of the existing used
instrument in laparoscopic surgeries. From numerical analysis, different designs and protrusion
angles were compared to result in more mass flow rates. However, during fabrication, a few
changes like reduction in the outer diameter without compromising the instrument quality and the
addition of washers at the connector part to avoid leakage of fluid in the fabricated device resulted

in more mass flow rate.
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Chapter-5

5 Non-Newtonian Blood Flow analysis

5.1 Introduction

Even though advances in laparoscopic surgeries have resulted in the accelerated
development of surgical techniques, a few instruments currently in use are yet to be improved. The
reason is that due to the repetitive exchange of instruments, the surgeon experiences fatigue and
strain-related injuries in hand and shoulder [97]. In addition, patients are subjected to the risk of
injury because of multiple instrument exchanges. Studies [98] show that around 17-30% of the
operation time is wasted in instrument exchange during laparoscopic surgeries. Also, wound
closure and port insertion contribute to 26% of the operating time, whereas the actual surgical
procedure only requires 57% of the total duration. This highlights the need to develop multi-
functional forceps ergonomically designed for ease of use and reduce surgery duration. A more
comprehensive overview of the literature, laparoscopic procedure, and recent advances in this field

have been presented in chapters 2 and 3.

The above discussion emphasizes the importance of designing the instrument for safety,
high quality, cost, feasibility, and functionality. The feedback obtained from practicing surgeons
in this field also reinforced the need for modifying the existing design. These limitations of the
existing design of dissector forceps commercially in use were addressed in our new multi-
functional design [99],[100] that integrates the dissector forceps and suction irrigation device into
a single instrument. The new design introduces a hollow pipe (sleeve) over the Maryland forceps

in use. The S-1 fluids can be pumped in and out of the device through the gap between the sleeve
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and the forceps. More detailed engineering of this new design is required to prescribe the

dimensions and other functional aspects of it completely and confidently.

Several researchers have successfully employed an analytical approach to model the
physical problems ranging from microflows to macro flows in the recent past [101][103]. Such a
methodical analysis, which gives insight into the physics of the problem, and aids in the design
and development of laparoscopic devices, is largely missing in the literature. Therefore, a similar
flow analysis was carried out numerically on the new design, using water as a working fluid, in
our first work [104]. This was done to ensure that the flow rate in the new design is similar to that
of the existing S-1 device. The objective of the current work is to further extend the fluid flow
analysis to simulate the non-Newtonian flow of blood inside the new design. This is done to get a
better insight into the actual behavior of blood flow rather than its first approximation as water.
Moreover, the current work also points to the improvements that can possibly be made to the new
design and its operating conditions. Finally, it also ensures that the flow rate of blood provided by

the new design is similar to that provided by the existing S-I device.

5.2 Methodology

As mentioned above, the proposed modified design of the forceps was selected out of
different possible designs based on the flow analysis using water as the medium. This was done to
mimic the flow of cleaning fluid, typically saline, in the S-1 device. However, during surgery, in
the suction process, typically, blood that oozes out of the tissue could also mix with the cleaning
fluid. In reality, the flow could be transient, multiphase, and non-Newtonian in nature due to the
formation of blood clots or air bubbles. However, this full-scale simulation is beyond the scope of
the present work. Since blood has a higher viscosity than that of water, it is expected to result in a

lesser mass flow rate for the same pressure difference across the S-I device. Therefore, in the
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present work, simulations are performed to explore the flow behavior of blood alone, to quantify
the lower limit of flow rate in the modified instrument. The flow of blood is assumed to be laminar

with a constant density of 1060 kg/m?.

The study of non-Newtonian fluid flow properties is important for simulating the flow
phenomena better and accurately predicting them before the fabrication of instruments. Several
studies have suggested the applicability of computational fluid dynamics (CFD) on different
medical fronts [105]-[107]. In their work, a finite volume method is used to describe the blood
flow properties passing in the aortic arch. Some authors initially considered blood as a Newtonian
fluid. However, since the viscosity of blood is affected by the shear and flow rates, they suggested
rheological models that treat blood as a thixotropic, non-Newtonian fluid. At lower mass flow
rates, the viscosity of blood increases as the shear rate is very less. This is because, at a lower shear
rate, there is an increase in the adhesiveness that causes red blood cells to adhere to the surface
boundary resulting in more viscosity. Similarly, if the temperature decreases, the viscosity of blood
increases. Taking blood as non-Newtonian fluid in arteries and blood vessels, theoretical results

were also validated with the experiments [107],[108].

Non-Newtonian flow analysis is carried out for the S-1 device incorporated in the proposed
forceps design for D = 8mm with two different protrusion angles ¢ = 45" and ¢ = 60°". The
most suitable design is selected such that it yields a mass flow rate similar to that of the existing

S-1 device.

5.3 Geometry and mesh generation

The S-1 instrument currently used in laparoscopic surgeries is 5 mm in diameter, with a

length of 330 mm [95]. Figure 5.1 shows the boundary layer mesh used to simulate the flow in the
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S-1 device, which is modeled and meshed in ANSYS Fluent. The mesh refinement studies were
conducted for a maximum pressure difference of 25 mm Hg across the device, as shown in Table
5.1. The mass flow rate is chosen as the determining parameter in the mesh independence studies
for three meshes: M1, M2, and M3. It is found to be consistently independent of nodes and
elements used in the mesh. The deviation in mass flow rate, measured with respect to that in the
fine mesh M3, is less than 2%. So, an intermediate mesh M2 with 255,583 elements and 118,160

nodes is used for all simulations.

Table 5.1: Mesh refinement studies for S-1 instrument

Prgsl;(l\:ltll’gn(ZS Nodes Elements hiflgsés(g/c?s\;v \(/)fr(.etrm;
mm of HQ)
M1 74,764 171,976 23.47 2.0
M2 118,160 255,583 23.83 0.5
M3 214,856 447,115 23.94 0.0

Figure 5.1: Cross-sectional view of mesh used in the S-I conduit.
The modified laparoscopic forceps is modeled in SolidWorks, and its fluid domain is
imported in ANSY'S Fluent to carry out meshing and run simulations. The mesh sensitivity studies

are carried out in the fluid domain extracted from the assembly. Table 5.2 shows the mesh studies
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for both D=8mm,$ =45 and D = 8 mm,$ = 60  geometries. We see that the mesh is
independent of nodes and elements used since the deviation in mass flow rate with respect to the
fine mesh M6 is lower than 1.5%. So, the mesh M4 is chosen to simulate the flow for different
pressure drops across the device. Figure 5.2 shows the mesh created near the protrusion end.

Figure 5.3 shows the mesh around the jaws, while Figure 5.4 shows the mesh in the flow

conduit.

Figure 5.2: Mesh near the protrusion Figure 5.3: Mesh near the jaws

Figure 5.4: Mesh in the flow conduit

Table 5.2: Mesh refinement studies for modified laparoscopic forceps for 8mm, 45" and 8mm, 60°
geometries

8 mm, 45 geometry 8 mm, 60  geometry
Suction Mass % error Mass % error
Pressure (25| Nodes Elements flow rate Nodes Elements flow rate ~~
w.r.t M6 w.r.t M6
mm of Hg) (a/s) (9/s)
M4 266822 671864 15.3 0.26 [267393 672744 18.92 -1.39

M5 319756 786955 14.89 2.93 |393163 951471  18.78 -0.64
M6 600711 1398843 15.34 0.00 |562044 1266821 18.66 0.00
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5.4 Boundary conditions used and the proposed design parameters

The flow through the fluid domain is simulated using a steady-state, pressure-based solver.
As shown in Figure 4.7, while performing suction tasks in laparoscopic surgeries, the distal end
(point A) acts as an outlet, the flow channel (point B) acts as the fluid passage area, the proximal
end (point C) as an inlet. It means that the fluid inside the abdominal cavity is sucked out from the
proximal end of the forceps, enters the flow channel, and leaves from the distal end. The proximal
end is fixed at a pressure of 1333 Pa (in suction mode), and the pressure at the distal end is
decreased in steps of 666 Pa (5 mm Hg) till -2000 Pa. Table 5.3 shows the boundary conditions

set at different pressure differences.

Table 5.3: Boundary conditions at inflow and outflow surfaces of the flow domain in suction mode

Pressure Difference Inlet Pressure (Pa)  Outlet Pressure (Pa)
(mm of Hg)
5 1333 666
10 1333 0
15 1333 -666
20 1333 -1333
25 1333 -2000

5.5 Simulation methodology

In our study, the blood flow is assumed to be laminar and simulated in steady-state, using
a pressure-based Navier-Stokes solver. The SIMPLE algorithm is used with second-order
modeling of the pressure and momentum terms. The flow chart, shown in Figure 5.5, explains the
simulation procedure adopted for analysis. The output of the flow simulation has been post-

processed to visualize the field variables like velocity, pressure, strain rate, and wall shear stress.
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As discussed earlier, blood exhibits non-Newtonian characteristics and has many non-
Newtonian models to describe its rheology. The commonly used non-Newtonian Models are
Carreau [107],[109]-[120], Carreau-Yasuda [108],[109],[112]-[118],[119],[121]-[119], Oldroyd-
B [122], Casson [109],[112],[116],[123],[120], Power-law [109],[112]-[114], Cross
[109],[112],[124], Powell-Eyring [112], Walburn — Schneck [114], Quemada [116],[125] and
many more. The literature on these models reveals that the Carreau model is the most popularly
used one, followed by the Carreau-Yasuda model. In this analysis, the simulation results from both
models are compared, and the Carreau model is chosen out of the two. It is used to simulate non-
Newtonian flow and study its behavior in laparoscopic forceps. The equations defining the fluid

viscosity [109] according to the Carreau and Carreau-Yasuda models are described below.

Forceps
model
imported

Mesh refinement
studies &
boundary set-up

Steady state,
—>| pressure based
solver

Defining blood
properties,
setting up input

parameters

from
SolidWorks
to ANSYS

NO

check for
convergence
condition

NO

Mass flow
rate greater
than S-1
pump flow
rate (2.5
1/min)

Post-Processing results

YES

Post-processing values of Pressure, Velocity, wall shear
stress. strain rate contours

y

Figure 5.5: Flow chart of the simulation procedure adopted in the present analysis

(a) Carreau model

The flow of blood is defined by its viscosity. The Carreau model defines the dynamic
viscosity 7, as a function of strain rate y, zero shear viscosity p,, and infinite shear viscosity e,
as given by equation (1).
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= Moo + (Mo — Hoo)[1 + (Ay)2 ] D/2 (1)

(b) Carreau-Yasuda model
The Carreau-Yasuda model is a more generic non-Newtonian model, as the Carreau model

can be derived from it. The Carreau-Yasuda is described by equation (2) below.

- (Ko — Hoo) (2)
T e

A User-Defined Function (UDF) is created, imported in ANSYS, and executed during
simulations. The methodology and simulation procedure applies to both models, as explained in
Figure 5.5. The properties studied, their values, and units of different parameters for the Carreau

and Carreau-Yasuda models are listed in Table 5.4.

Table 5.4: Model parameters used in Carreau and Carreau-Yasuda models [109].

Properties Carreau model Carreau Yasuda model Units
Blood density, p 1060 1060 Kg/m?®
Time constant, 1 3.313 1.902 sec
Power law index n 0.3568 0.22 -
Zero shear viscosity,
o 0.056 0.056 kg/m-s
Infinite shear

VISCOSIty, He 0.00345 0.00345 kg/m-s

Constant, X - 1.25 -

5.6 Validation

5.6.1 Comparison of the non-Newtonian models
Using the procedure described in Section 5.3, simulations are carried out using the Carreau
and the Carreau-Yasuda models to calculate the resultant mass flow rate.
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Figure 5.6: Comparison of mass flow rates obtained using Carreau and Carreau-Yasuda models
for different pressure drops
Figure 5.6 shows the mass flow rates obtained using the two models for the pipe of the
uniform cross-section that are consistently similar for various pressure drops across the device.
Therefore, either model can be used for the non-Newtonian simulation of blood flow in the present

study. The Carreau model is selected in this case because it is more popularly used in literature.

5.6.2 Model validation with experimental results

In the published work [108],[126], the authors considered a supra-aortic branch of an artery
(with a 6.35 mm inner diameter, 1828.8 mm length, and an inlet velocity of 19.45 mm/sec) and
validated with experimental results for two-phase non-Newtonian simulations. Studies
[107],[109]-[120] reveal that the different authors used the Carreau model numerically and
validated it experimentally with the rheological blood flow. Also, Carreau-Yasuda models
[108],[109],[112]-[119],[121] are used popularly to analyze the blood flow in small arteries. In
their studies, the previous concept of blood as Newtonian fluid is rejected, and different non-
Newtonian models are proposed and validated. Figure 5.7 compares the results of the present study
with published experimental and numerical results (using the Oldroyd-B model). Therefore, it
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shows that the results of the present study closely match both the experimental and theoretical

results available in the literature.
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Figure 5.7: Comparison of velocity profiles from the present study with that of the Oldroyd-B

model and experimental results [126]

5.7 Comparison of flow through different geometries using different working fluids

25 | —=—Blood through the S-I device —=— Blood through the S-I device
—e— Water through the S-I device 25 1—e— Water through the S-I device
1—4— Blood through the 45° design J—+— Blood through the 60° design
TSN . o Water through the 45’ design —v— Water through the 60° design
s | 720 |
Y (a) = (b)
w 2
= 154 C 15
3 3
e 2
@ 10 @ 10-
= =
51 5
! ! ' ! i ! ! | ) ! ) v T T T T T v T T T
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Pressure difference (mm Hg) Pressure difference (mm Hg)

Figure 5.8: Variation of mass flow rate with the applied pressure difference for (a) $=45°
and (b) $=60° designs
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Figure 5.8 shows how the mass flow rate varies with the applied pressure difference in the
proposed design of forceps using water and blood as working fluids for ¢ = 45 and ¢ = 60°
geometries. Results with water as the working fluid [104] are shown here to aid comparison. These
flow rates are compared with those of blood through an S-I device. The results show that the flow

rates through the ¢ = 45 " design are lower than those through the corresponding ¢ = 60 " design.

For the ¢ = 60 design, though the flow rate of blood is lower than that through the
existing S-1 device, the flow rate of water can be seen to be higher than through the existing S-I
device. The same conclusion holds only marginally for the ¢ = 45" design. Therefore, ¢ = 60°
design can better cater to the flow rates of both blood and water provided by the S-1 device. The
marginal difference between the desired and the actual flow rates delivered by the device by

adjusting the suction or irrigation pressure applied by the S-1 pump.

Table 5.5: Comparison of mass flow rates (g/s) in suction mode

Carreau model Carreau-Yasuda Water
model
Pressure S-l ¢ =45° ¢ =60° ¢ = 60° ¢ =45° ¢ =60°

difference device

(mm of Hg)
5 6.44 3.91 5.49 5.62 7.56 9.69
10 11.95 7.65 9.63 9.78 11.74 14.7
15 16.36 10.51 13.14 13.32 14.59 18.9
20 20.29 13.0 16.26 16.47 16.73 22.4
25 23.83 15.3 19.11 19.35 22.18 235
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5.8 Results and discussion: non-Newtonian flow analysis of the Suction-Irrigation device

and surgical forceps

Figure 5.9 to Figure 5.11 show the contour plots of simulation of blood flow through the
geometry with D = 8 mm and ¢ = 60", modeled using Carreau model. The contour plots are
shown only for pressure differences, AP of 5 mm, 15 mm and 25 mm Hg for reference. The contour
plots of AP of 10 mm and 20 mm Hg follow similar trend and hence are not shown. Each of the

contour plots in these figures is shown to use the common legend for ease of comparison.

i) Velocity contours:
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Figure 5.9: Velocity contours for AP of (a)5 mm Hg, (b)15 mm Hg, (c)25 mm Hg

The velocity contours for different AP are shown in Figure 5.9. The contours show that
flow velocity in the device increases with an increase with AP as expected. The flow velocity
assumes a zero value near the solid walls due to the no-slip condition and reaches a maximum
away from the walls. The flow navigates around the jaws before assuming a reasonably developed
profile until the protrusion at the outlet, where the velocity reaches its peak. A sharp change in the

flow cross-section, particularly from the inlet to the jaws and at the protrusion near the outlet,
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results in a local rise in the flow velocity. The fluid also stagnates beyond the location of the

protrusion, near the outlet, and has negligible velocity.

il) Pressure contours:

The pressure contours for different AP are shown in Figure 5.10. The contour plots show
that the variation in pressure is more uniform compared to that of velocity. It primarily decreases
along the flow direction towards the outlet, and a negligible variation is observed across a given
section. Since the geometry is complex, particularly around the jaws and at the protrusion, more
irregularities in the flow velocity are observed at these locations (Figure 5.9). This results in a
larger pressure drop, as observed from the pressure contours. The pressure drop per unit length at
any other location in the device is relatively less compared to that near the jaws and the protrusion.
Therefore, one way to increase the efficiency of the flow aspect of the device is to design the
geometry so that the internal components are more streamlined, particularly at the two mentioned
locations.
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Figure 5.10: Pressure contours for AP of (a)5 mm Hg, (b)15 mm Hg, (c)25 mm Hg
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iii) Strain rate contours:
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Figure 5.11: Strain rate contours for AP of (a)5 mm Hg, (b)15 mm Hg, (c)25 mm Hg

The strain rate contours for different AP are shown in Figure 5.11. These contours show that
the strain rate in the channel increases with AP. The contours also have an opposite behavior as
that of the velocity contours. For example, the strain rates are high near the walls and negligible
near the center of the channel. This is expected as the flow velocity gradients are largest in the

boundary layer, where it is subjected to high shear rates.

The near-wall high strain rates, in fact, aid the flow by reducing the fluid viscosity (from
U to u,Almost by a factor of 10), as governed by the Carreau model. This is because blood is a
shear-thinning fluid. This is readily apparent in the variation of mass flow rate with respect to AP
from Figure 5.8. The difference in the mass flow rate of blood and water through the S-I device,
for example, increases with AP. This suggests that as AP (and hence shear rate) increases, the mass
flow rate of a Carreau fluid-like blood also increases, as it offers lesser resistance at higher strain
rates. This is, however, not so evident in the plots of flow through the forceps, owing to its complex

geometry.
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iv) Wall shear stress contours:

Figure 5.12 shows the contours of the wall shear stress plotted on the outer surface of the
modified design. Wall shear stress denotes the degree of shearing action that the fluid layer near

the wall undergoes.
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(Pal Figure 5.12: Wall shear stress contours for AP of (a)5 mm Hg, (b)15 mm Hg, (c)25
mm

As suggested by Figure 5.9 and Figure 5.11, the fluid near the jaws and protrusion flows
over intricate parts of the device and is subjected to large gradients. This is reflected in the contours
of wall shear stress, which locally assumes large magnitudes near the jaws and the protrusion. As

expected, the peak wall shear stress near these two locations also increases with AP.

Figure 5.13 shows the contours of molecular viscosity inside the domain for
different AP. For AP =25 mm Hg, as observed from Figure 5.11(c), the strain rates assume very
high values of more than 800 s in the middle of the domain. For these strain rates, the fluid
viscosity computed using the Carreau model is close to p,, = 0.00345. Similarly, the strain rates
near the jaws and protrusion are supposed to be high as the fluid squeezes past them. This results
in a much smaller fluid viscosity of close to 1. In contrast, at the extreme right end of the device,

where the flow is almost stagnant, the strain rates are expected to be negligible. Therefore, we
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observe that the molecular viscosity at this end is close to p, = 0.056. For AP =25 mm Hg, the
strain rates can be expected to be about five times higher than those for AP =5 mm Hg. This results

in a value of molecular viscosity slightly less than ., as observed in Figure 5.13(c).

V) Molecular viscosity contours:
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Figure 5.13: Molecular viscosity contours for AP of (a) 5 mm Hg, (b) 15 mm Hg, (c) 25 mm Hg

Conclusions from the above simulations can be summarized as follows:

e The Carreau model is chosen for the non-Newtonian simulation of blood flow.

e The 8 mm, 60" model is chosen as the preferred geometry, as it caters to the required flow

rates of blood and water, similar to the Suction-Irrigation device.
e Based on this analysis, the fabrication is proposed for D= 8mm and ¢ = 60" design

model.
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Chapter - 6

6 Flow Analysis of CO: insufflation in a Multi-functional Laparoscopic

Forceps

6.1 Introduction

All the patients undergoing any kind of laparoscopic surgery have to undergo insufflation
of gas into a peritoneal cavity to provide access to surgery by visualizing in the monitor.
Insufflation of gas is termed as pneumoperitoneum, and carbon dioxide (CO2) gas is most
commonly used to insufflate the peritoneal cavity. The reasons for using CO2 gas are that it is
freely available, chemically stable, highly soluble, eliminates rapidly from the body, is a product
of human metabolism, provides proper illumination, and is non-toxic. The surgeons must be aware
of the challenges caused by CO- gas insufflation to maintain the desired flow rate and effective
intra-abdominal pressure (1AP) to treat laparoscopic patients. From an exhaustive literature survey,
it is found that CO> gas is insufflated at a flow rate of 2-6 lit/min to a standard intra-abdominal
pressure of 10 mm Hg [127]-[138] in the peritoneal cavity. The IAP is maintained constant as any
further increase may result in surgical complications, especially in patients suffering from heart
disease, old age, and blood pressure problems [135]. However, the flow rate is varied from children
to geriatric age patients, depending upon their age, due to variations in cardiovascular and

respiratory systems.
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6.2 Laparoscopic procedures and their devices

Light source
Monitor probe

Dissector

=

CO: insuffla]or

Incision
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Figure 6.1: Overview of the laparoscopic procedure

Laparoscopic surgery involves multiple incisions around the belly button of a patient to
introduce trocars of 5-12 mm sizes, as shown in Figure 6.1. Pneumoperitoneum is initiated by CO>
gas insufflation through a veress needle. Then IAP is maintained at 10 mm Hg with desired flow
rates. There are different instruments used for manipulating, dissecting, irrigating saline water to
clean and sucking the blood and charred particle. Often, the affected tissue or organs of the human
body is dissected and sealed off. But during dissection or cutting, blood oozes out, disrupting the
view of surgeons. The surgeon is required to clean the operated area immediately to clear the field
of view by using an irrigator. As the fluid comprising both blood and saline water gets accumulated
inside the abdominal cavity, a suction device is used to suck the fluid and remove it. If the blood
still oozes out, then the suction process is stopped, and the irrigation process continues again. Table

6.1 shows the most commonly used devices in laparoscopic surgical procedures.
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Table 6.1: Devices commonly used in minimally invasive procedures

Laparoscopic

device

Function/ Purpose

Description

1. Laparoscopes

To view organs
inside the abdomen

through a monitor.

It has a 5-10 mm diameter with a working length of
330 mm, having a high-resolution camera used for

viewing organs in the abdominal cavity.

2. Trocar To puncture and It has a 5-15 mm diameter and about 180 mm length
provide intra- used to rupture and make a hole to gain access to the
abdominal access. | peritoneal cavity. It is a cannula and allows multiple

instruments to operate through it.

3. Forceps Grasp and dissect | It has a 5-10 mm diameter up to a length of 330 mm
tissue used for grasping and dissecting the tissue.

4. Suction- Suck or irrigate the | It has a 5-10 mm diameter and 330 mm length used

Irrigation fluid as multipurpose equipment to either suck fluid
device inside the abdomen to clear the field of vision or to

irrigate using saline water to clean the blood inside

the abdomen.

5. Graspers/

Retractors

Hold the tissue

It consists of a traumatic (secure or firm holding)
and atraumatic grasper (gentle holding) of 5 mm
diameter up to a 300 mm length for holding and

manipulating the tissue inside the abdominal cavity.
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6. Ligature Ligation It has a 10mm tube diameter with a 30 mm length as
its distal end for performing the surgical procedure
of tying knots to bind tissues.

7. Probe Examine the tissue | It is 3-5 mm in diameter, 330 mm in length used for
separating detached tissue or organ. The blunt end
of the probe is used to explore the operating field.

8. Dissecting Cutting tissue It has a 5 mm diameter up to a working length of 450

scissors mm that is used to dissect, coagulate the tissue with

electrocautery procedure.

6.3 The proposed design and flow analysis using CO2

The laparoscopic surgical tools, as listed in Table 6.1, are used for minimally invasive

surgeries. In previous chapters, the diameter of the fluid domain, D = 8mm design was chosen

over D = 10mm since it requires smaller incisions and standard trocar sizes. Further, D = 8mm

design, ¢ = 60" geometry was chosen for the final proposed design using water as the working

fluid. The same design is extended to serve as a multipurpose instrument to cut, cauterize, and

grasp the tissue and act as a conduit for the CO2 gas insufflation in the present work.

As shown in Figure 6.2, CO2 gas can be insufflated into the peritoneal cavity through the

annular region marked ‘C.” Point ‘A’ acts as an entry of CO2 gas, point ‘C’ is the CO2 gas channel,

and point ‘B’ acts as an outlet from where CO- gas is insufflated inside the patient’s peritoneal

cavity. Figure 6.3 shows the complete laparoscopic forceps. It adds safety by avoiding multiple
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insertions and removing different instruments, and reducing the time during surgery. This
instrument can be easily sterilized and has a provision of assembly and disassembly; hence can be

used multiple times.

Figure 6.3: Proposed laparoscopic forceps

6.4 Scope of the present work

As mentioned in chapter 4, the proposed modified forceps design was carefully chosen out
of different possible designs based on the flow analysis using water as the medium. This was done
to mimic the blood flow during surgery; in the suction process, typically, the blood that oozes out

of the tissue could also mix with the cleaning fluid.

In the current article, flow analysis is carried out for the CO> gas in the proposed forceps
with D = 8mm and ¢ = 60". This is done to understand and quantify the flow behavior of the
insufflation gas in the device. The results are plotted for pressure and velocity at varying mass

flow rates across the device.
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6.5 Geometry and mesh generation

The proposed CO> gas insufflator unit is 8 mm in diameter with a 5mm channel, with a
length of 330 mm. The mesh independence studies were conducted for an extreme mass flow rate
of 6 lit/min across the device. The velocity is selected as the defining parameter in the mesh
independence studies for three meshes (M1, M2, and M3) and found to be consistently independent
of elements and nodes. The deviation in velocity, measured with respect to that in the fine mesh
M3, is less than 2%. So, an intermediate mesh M2 with 327,261 nodes and 880,257 elements is

used for all simulations.

6.6 Boundary conditions used and proposed design parameters

The CO2 gas through the fluid domain is simulated using a steady-state, pressure-based
solver. As shown in Figure 6.2, while insufflating the abdomen in laparoscopic surgeries, the distal
end (marked as B) acts as an outlet, the flow channel (marked as C) acts as the CO2 gas passage
area, the proximal end (marked as A) as an inlet. It means that the CO2 gas is passed inside the
peritoneal cavity from the proximal end of the forceps, comes into the flow channel, and leaves
from the distal end. The distal end is fixed at a pressure of 1333 Pa, and the mass flow rate at the
proximal end is varied from 2 lit/min to 6 lit/min. The density of CO; gas is taken as 1.7878 kg/m3.

Table 6.2: Boundary conditions set at different mass flow rates.

S.No. Volume flow rate (lit/min) Mass flow rate (kg/s)
1 6 1.79e-4
2 5 1.49e-4
3 4 1.199%-4
4 3 0.894e-4
5 2 0.595e-4

110



6.7 Simulation methodology
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Figure 6.4: Flow chart of the simulation procedure adopted in the present analysis

In the present study, the ANSYS Fluent is used for flow analysis using a steady-state
pressure-based Navier-Stokes solver. To simulate the gas flow, a standard « — € turbulence model
with an enhanced wall treatment method is used. Figure 6.4 shows the flow chart followed to run

simulations by setting the input parameter, as shown in Table 6.2.

6.8 Result and Discussion

(a) Contours of pressure:

The contours shown in Figure 6.5 to Figure 6.7 are each for different mass flow rates with
a constant IAP at the outlet. Figure 6.5(a-e) shows that the pressure continuously drops along the
length of the flow channel due to a decrease in the volume flow rate from 6 lit/min to 2 lit/min
insteps of 1 lit/min each. Due to the protrusion bend near the inlet, the gas flow takes a sharp turn,
whereas, at the exit, the gas has to navigate the complex geometry around the jaw mechanism,

resulting in pressure drops.
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Figure 6.5: Pressure contours

(b) Contours of velocity:

The velocity contours are shown in Figure 6.6 for different mass flow rates. For all the
cases, the flow velocity attains peak values at the protruding ends. However, the velocity of flow
is almost similar in the annular region all along the length of the instrument. In addition, the
magnitude of flow velocity in the fluid domain increases with an increase in the mass flow rate as
observed from Figure 6.6(e) to Figure 6.6(a), respectively. A similar trend was observed for

pressure drop between the inlet and outlet in Figure 6.5.
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Figure 6.6: Velocity contours

(c) Contours of turbulence dissipation rate (€):

Figure 6.7 shows turbulence eddy dissipation rate (¢) contours in the flow domain. e

assumes high magnitudes for all mass flow rates near the protrusion and around the jaws. This

signifies large magnitudes of turbulence in the flow as the fluid navigates complex geometries

in these regions of the instrument. A similar variation is observed for turbulence kinetic energy

from the contours shown in Figure 6.9.

Figure 6.8 shows the increase in the applied pressure difference with respect to mass flow

rate. It is evident as the mass flow rate increases in the device, there will be an increase in

pressure and velocity as well. Table 3 shows the values corresponding to the marker points in

Figure 6.8. The pressure difference across the device for the desired range of mass flow rates is

well within the limits of the CO. insufflation pump. Therefore, the proposed instrument can
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also cater to the required mass flow rate of CO> for an appropriate pressure difference that can

be applied by the insufflation pump.
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Figure 6.7: Turbulence eddy dissipation contours

Table 6.3: Mass flow rate variation across the device with respect to the applied pressure

difference.
Pressure
mass mass o Vmax
S.No ) Variation
(L/min) | (g/s) (m/s)
(Pa)
1 6 0.179 97 7.11
2 5 0.149 71 5.98
3 4| 0.1199 51 4.896
4 3| 0.0894 34 3.74
5 2| 0.0595 20 2.57
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Figure 6.8: Variation of the mass flow rate of CO> with respect to the applied pressure difference

(d) Contours of turbulence kinetic energy (x):
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6.9 Advantages of the proposed design

In addition to all the existing features of the CO; insufflator device, the functionalities of
the standard Sl device and the dissector forceps are incorporated in the proposed design, thereby
combining the functionality of all three individual devices into one. It helps avoid the insertion
and removal of multiple devices, thereby reducing the possibility of leakage of CO, from the
surgical area and saving time. Reduction in the use of multiple instruments can enhance the
productivity of surgical procedures. Further, this device can reduce the risk of major injury due to
loss of blood, discomfort, and pain to the patient. This device gives flexibility to the surgeon to
use all the three features in whichever sequence is desired by the surgeon for better control of the
surgical procedure. The new design is reusable as it can be completely dissembled and easily

reassembled after sterilization.

Though this forceps is different from the commercially available devices, it can only be
used if a dissection operation is also performed, as it is not a stand-alone CO- insufflator device.
The present research work focuses only on numerical analysis. However, actual clinical trials are
required to confirm the above-stated features of the device. In this analysis, optimization of the
device is not performed. The design of this device can be further optimized from the fluid flow

and CO- flow aspects in a more integrated sense.
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Chapter - 7

7 Multi-phase simulations in a Multi-functional Forceps

7.1 Introduction

Liquid gas interaction is a common phenomenon in many engineering fields like nuclear,
chemical, petroleum, and pharmaceutical industries. Multi-phase simulations can help achieve a
more accurate and comprehensive analysis of the problem and is close to the actual physical
characteristics. Different phases, such as all three-phase flows, gas-liquid, liquid-solid, and gas-
solid, come under four main multi-phase flow categories. These classifications can usually be done
as per the flow regimes as dispersed, mixed, or separated flow. In dispersed flow, one phase is
widely spread in another continuous phase, whereas, in the separated flow, the flow has a distinct
boundary between all phases. The best example of a separated flow is stratified flow. Our case is
considered as a separated flow where water is flowing on the bottom of the annular flow in a pipe
with a liquid film along the pipe and a gas core at the top section of a fluid domain. CFD models
can predict the combination of water and air mixtures, allowing to evaluate and predict flow
characteristics at any point of the simulation domain. This powerful tool is applied for several
types of flows by different approaches. However, for a multi-phase flow problem, there are two
approaches, namely Euler-Euler and Euler-Lagrange approaches. The Euler-Lagrange approach is
computationally expensive and increases the computational time for even a low volume fraction
of the dispersed phase. On the other hand, the Euler-Euler model is suitable for separated flows.
This Euler-Euler model can be used for dispersed flow if the volume fraction is high and the flow

is dense. The sum of volume fraction is unity.
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7.2 Geometry and mesh generation

The designed laparoscopic forceps have 8 mm to 13 mm varying diameter with a 5mm
channel, with a length of 330 mm. The mesh independence studies were conducted for an extreme
mass pressure drop of 25mm Hg across the device. The velocity is selected as the defining
parameter in the mesh independence studies for three meshes (M1, M2, and M3) and found to be
consistently independent of elements and nodes. The deviation in velocity, measured to that in the
fine mesh M3, is less than 2%. So, an intermediate mesh M2 with 115,224 nodes and 277,140

elements is used for all simulations.

7.3 Flow configuration

The laparoscopic surgical tools, as listed in Table 6.1, are used for minimally invasive
surgeries. In Chapter 4, the diameter of fluid domain, D = 8mm design was chosen over D =
10mm since it requires smaller incisions and standard trocar sizes. Further, D = 8mm design,
¢ = 60" geometry was chosen for the final proposed design as it caters to the required flow
conditions when used in place of the Sl device. The same design is extended to serve as a

multipurpose instrument and act as a conduit for multi-phase analysis in this chapter.

Figure 7.1: Fluid domain from the proposed forceps. Figure 7.2: Forceps view showing two
divided regions on the inlet of the fluid domain

. Figure 7.2 shows the left side view of the fluid domain that is divided into two partitions.
Partition highlighted (in green) signifies the provision of CO; gas escapes from the peritoneal
cavity through the annular region. As shown in Figure 7.1, Point ‘B’ acts as an entry of a mixture
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of CO- gas and water, point ‘C’ is the combination of CO2 gas channel and water channel, and

point ‘A’ acts as an outlet from where CO2 gas and water exits from the patient’s peritoneal cavity.

7.4  Simulation methodology

In the current chapter, multi-phase flow analysis is carried out for the CO gas and water

in the proposed forceps for D = 8mm and ¢ = 60". The results are plotted for different pressure

drops across the device.
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Figure 7.3: Flow chart of the simulation procedure adopted in the present analysis

In the present study, ANSYS Fluent is used for a flow analysis of two-phase fluid flow.
The two-phase simulation involves three steps: defining a number of phases and possible flow
regimes. The second step is forming governing equations obtained from conservation laws of
physics. The last step is solving these equations that describe the mass, momentum, and energy

conservation principles. ANSYS uses all these steps in CFD simulations. To simulate a two-phase
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fluid flow, a VOF model is opted to predict the interface region between two immiscible phases.
Also, by using this model, tracing the void fraction of individual phases is possible by using only
a single set of equations. In the VOF method, the sum of volume fraction of air and water is
considered to be unity and evaluated by solving continuity and momentum equations. Figure 7.3
shows the flow chart followed to run simulations by setting the input parameter, as shown in Table

7.1.

7.5 Boundary conditions and simulation parameters

Table 7.1: Boundary conditions used for the device operating in suction mode.

S.No. | Pressure drop Intra-abdominal pressure Outlet pressure for both fluids
(Pa) (Pa) Pressure (Pa)
1 666 1333 666
2 1333 1333 0
3 2000 1333 -666
4 2666 1333 -1333
5 3333 1333 -2000

The two-phase fluid model is simulated using an implicit transient-state, pressure-based
solver. VOF model was considered with two Eulerian phases. Water is taken as the primary phase,
and CO2 gas is taken as the secondary phase. The pressure inlet of 1333 Pa is maintained constant
for both phases as it is the standard pressure to be maintained in the patient’s abdomen during the
surgery. The pressure at the outlet was varied by 5 mm Hg (666 Pa) from 666 Pa to -2000 Pa.
Negative pressure sign indicates suction pressure. In this type of boundary condition, both pressure
and volume fraction need to be quantified. The distal end (marked as B) surface, which acts as an
inlet, is split into 20 percent area to allow the entry of CO, gas passage area and 80 percent area to

allow the water passage. This means that CO> gas enters the upper part of the fluid domain, and
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water enters the lower part. The SIMPLE scheme solution method is used for pressure velocity

coupling, and a second-order upwind scheme is used to determine fluid flow characteristics.

Table 7.2: Number of time steps used

S.No. | Pressure | Number of | Time step Max Sampled
Drop time steps size iteration/time | time (Sec)
steps
1 666 2500 0.002 350 5
2 1333 2500 0.001 350 2.5
3 2000 3340 0.0005 250 1.67
4 2666 4167 0.0003 250 1.25
5 3333 3334 0.0003 250 1

7.6 Result and discussion

a) Contours of pressure:
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Figure 7.4: Pressure contours

The two-phase fluid model is simulated using an implicit transient-state, pressure-based
solver. VOF model was considered with two Eulerian phases. Water is taken as the primary phase,
and CO2 gas is taken as the secondary phase. The pressure inlet of 1333 Pa is maintained constant

for both phases as it is the standard pressure to be maintained in the patient’s abdomen during the
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surgery. The pressure at the outlet was varied by 5 mm Hg (666 Pa) from 666 Pa to -2000 Pa.
Negative pressure sign indicates suction pressure. In this type of boundary condition, both pressure
and volume fraction need to be quantified. The distal end (marked as B) surface, which acts as an
inlet, is split into 20 percent area to allow the entry of CO> gas passage area and 80 percent area to
allow the water passage. This means that CO> gas enters the upper part of the fluid domain, and
water enters the lower part. The SIMPLE scheme solution method is used for pressure velocity

coupling, and a second-order upwind scheme is used to determine fluid flow characteristics.

Table 7.2 shows the number of time steps for which the simulation data is sampled to obtain
the averaged flow variables like pressure, velocity, volume fraction, and turbulent viscosity ratio
for each of the cases. Since the problem considered is transient, visualizing the contours of the
averaged flow variables gives good insight into the overall flow features. The contours of these
flow variables are shown in Figure 7.4 to Figure 7.7 for different pressure drops from inlet to outlet

with a constant AP at the inlet (as shown in Table 7.1).

Figure 7.4(a-d) shows that the pressure continuously drops along the length of the flow
channel. Due to the protrusion bend near the exit, the mixture takes a sharp turn, whereas, at the
inlet, the mixture has to navigate the complex geometry around the jaw mechanism resulting in
higher pressure drops near these two regions. The pressure drop in the straight (middle) section is

much less in comparison.
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(b) Contours of velocity:
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Figure 7.5: Velocity contours

The velocity contours are shown in Figure 7.5 for different pressure variation across the
device. For all the cases, the flow velocity attains peak values at the protruding ends and near the
jaws. However, the flow velocity is almost similar in the annular region all along the length of the
instrument. In addition, the magnitude of flow velocity in the fluid domain increases with an
increase in the applied pressure difference, as observed from Figure 7.5(d) to Figure 7.5(a),

respectively.

Figure 7.6 shows the volume fraction of COz, clearly showing both phases. The CO2 phase
is indicated by the red region where as the blue region indicates the presence of water. In all the
cases, CO> primarily occupies the upper region of the flow domain as it enters from the upper
portion of the inlet. As the flow progresses, the gas also occupies some of the lower regions of the
device, particularly towards the outlet. Owing to the large difference in densities of CO and water,
their velocities are also significantly different. This manifests as regions of high velocity (occupied

by CO2 gas bubbles) in parts of the flow domain, as observed in Figure 7.5.
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(c) Contours of volume fraction of COz:
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Figure 7.6: Volume fraction of CO, contours

(c) Contours of turbulence viscosity ratio:
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Figure 7.7: Turbulence viscosity ratio contours

Figure 7.7 shows turbulence viscosity ratio contours in the flow domain. It assumes high

magnitudes for all cases near the protrusion and around the jaws. This signifies large magnitudes
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of turbulence in the flow as the fluid navigates complex geometries in these relatively narrow
cross-sections of the instrument.

Figure 7.8 to Figure 7.15 illustrate the average variation of different flow variables for the
two phases for different pressure drops. The area-weighted average is calculated by dividing the
summation of the product of the selected field variable and facet area by the total area of the surface
as below in equation 3 [139].

T da= 31, ¢4 -(3)
The mass-weighted average of a quantity is computed as in equation 4 below
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Figure 7.8: Area weighted average volume fraction of CO; at the outlet
Figure 7.9: Area weighted average volume fraction of water at the outlet

Figure 7.8 and Figure 7.9 show the area-weighted average volume fraction for CO; and
water, respectively. The area-weighted average volume fraction for water at the outlet has exactly

the opposite trend as that of CO> as together they sum up to unity. The variation of the volume

125



fraction with respect to the applied pressure difference follows a more complex trend as the flow

is highly transient and multiphase.
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Figure 7.10: Mass of CO> Figure 7.11: Mass of water

As shown in Figure 7.10 and Figure 7.11, similarly, the mass of CO, and mass of water

follow opposite trends as the total volume = m¢o,/pco, + Myater/ Pwater = CONStaNt.
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Figure 7.12: Mass flow rate of CO; at the inlet. Figure 7.13: Mass flow rate of water at the inlet

Mass flow rates and the velocities plotted in Figure 7.12 to Figure 7.15 increase with AP

because the pressure difference is responsible for driving the flow in this problem. The values in
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the graphs of mass flow rates and mass weighed average x-velocities of the fluids (shown in Figure

Mmco,  (PAumean)co,

7.12 to Figure 7.15) are related to each other as —

~
Mwater (pAumean)water

(from definition).
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Figure 7.14: Mass weighted average x-velocity of CO> at the inlet
Figure 7.15: Mass weighted average x-velocity of water at the inlet

The x-velocity of both the fluids increases with AP as expected, as shown in Figure 7.14
and Figure 7.15.

Limitations of the present study:

Following are the limitations of the present study.

e The area fraction of CO- (the region through which CO- passes) at the inlet is assumed to
be 20%. Other values of area fractions like 40%, 60%, and 80% can also be simulated to
investigate the effect it has on the flow field inside the device and the resulting mass flow
rates of the two fluids.

e The current work is carried out for the CO2 gas and water mixture. The problem may be

simulated with a mixture of blood and water for more realistic and accurate results.
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Chapter-8

8 CONCLUSIONS

8.1 General Conclusions

In the recent scenario, the application of laparoscopic surgery is necessary for the
convenient survival of humans. The enriching activities of laparoscopic surgery are accomplished
due to the attainable different laparoscopic instruments with their technical specifications and
design modifications. The literature survey presented in the thesis contributes to different trends
of laparoscopic instruments in this modern technological world. This thesis has offered the existing
reviews of a few designing methods of laparoscopic surgical devices. It permits the benefits to
entire designers of the laparoscopic instrument as reducing the brainstorming issues and time

consumption while designing or redesigning the laparoscopic surgical devices.

From the literature review, we noticed that limited work had been carried out for analyzing
the characteristics of laparoscopic surgical instruments in terms of simulation. In the review, we
mainly focussed on a certain number of laparoscopic instruments, namely, laparoscopic grasper,
suction irrigation type instrument, laparoscopic handles, and the forceps. From analyzing the
overall accomplished performances, the design and technical contributions are very limited in the
suction and irrigation types of laparoscopic instruments. Besides, the simulation of Newtonian
analysis and non-Newtonian analysis in the existing and our modified laparoscopic instrument is
not available in the existing research. This approach achieves efficient ways for abdominal
surgeries such as removing the spleen, uterus, etc. We hope that this perspective supports for enrich

the related ongoing or the forecasting of further laparoscopic surgical instrumentation research
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works and promotes a supreme pathway for enhancing the operation characteristics of the

instruments in the way of surgeons' satisfaction.

The existing research on laparoscopic instrumental enhancement between the years 2011
and 2020 is symbolized in this thesis. The review promotes direction to several surgical device
designers by adopting the additional innovative methodology for designing novel laparoscopic
instruments. Literature surveys and feedback from practicing surgeons suggest that the existing
design faces prolonged time and can be avoided by improving the current design of forceps. Based

on the work carried out and the results obtained, the following conclusions are drawn:

1. The proposed laparoscopic forceps shall function as the existing instruments and facilitates
the surgeon ergonomically.

2. The present device comprises an outer sleeve over the laparoscopy forceps. A gap between
the outer tube of laparoscopy forceps and the outer sleeve serves as an annular region
through which the suction irrigation fluids flow. The suction irrigation fluid and carbon
dioxide (CO) can be fed to or removed from the device through a small pipe protruding
from the outer tube at the distal end.

3. This development provides a multi-purpose laparoscopic surgical device that can suck,
irrigate, cut, grasp, and cauterize the tissue.

4. This development facilitates a laparoscopic surgical device to reduce the time lost in
switching between them during laparoscopic surgery.

5. The present device enables manipulating, dissecting the tissue, then irrigating and sucking
the fluid from the abdomen, thereby avoiding the insertion of multiple instruments multiple
times, keeping the inert gas level pumped inside the abdomen stable, and minimizes the

risk to the patient as well as the surgeon.
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6. The laparoscopic forceps increase the efficiency of the laparoscopic surgical process.

7. It avoids the exchange of instruments, which prevents fatigue/injury to the surgeon, patient,
or both.

8. This device can be easily assembled/disassembled, is reusable, and can be easily sterilized.

9. The present work can be further extended for commercialization under the “Make in India”

initiative aimed toward affordable and indigenously manufactured multi-functional

instruments.

8.2  Specific Conclusions

In our work, a modified laparoscopic instrument is proposed to ensure a reduced number
of incisions over the abdominal region. This design requires only one incision to play a role as
both a suction-irrigation device and as forceps, thus reducing the risk of postoperative injuries
which can happen due to multiple incisions. The fluid flow is simulated using water from which

we concluded the following salient points:

e For the S-1 device, the suction and irrigation mass flow rates are the same as the device is
symmetric from both ends. In the modified instrument, the suction and irrigation mass flow

rates are slightly different as the flow from both ends is not symmetric.

e The mass flow rate provided by the new design is larger than the suction irrigation device
that is already under use by the surgeons and hence meets the requirements from the flow

perspective.

e Prototype fabrication of the new design is evaluated which is used for experimental

validation with the numerical analysis results.
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Different designs of the modified form of laparoscopic forceps have been analyzed for the
flow aspects in chapter 4. All the modified designs of laparoscopic forceps (with different pipe
diameters and protrusion angles) cater to the mass flow requirements if they are used in place of

the S-I device.

The initial design in Table 4.2 is not considered as it gives lesser flow rates. The diameter
of the flow tube also reduces abruptly near the protrusion, which could cause blockages due to the
formation of unwanted organic deposits. 8mm diameter design is narrower towards the distal end
and hence would be better suited for practical use when compared with the 10mm diameter
design. 45 *protrusion angle design results in a lesser mass flow rate when compared with the 60°
protrusion angle design due to higher turbulence in the flow tube. Despite this, 45" protrusion
angle design might be better suited for practical purposes as the induced turbulence can aid in the
removal of any unwanted organic deposits near the jaws and protrusion. Based on the above
discussion, the design with 8mm diameter and 45 protrusion angle was initially proposed as a
suitable improvement to the dissector forceps. The proposed design is compared with the standard

Sl device and tabulated in Table 4.2, and the following conclusions are drawn.

o All the features of the standard SI device are already incorporated in the modified design.
In addition, the modified design is versatile and acts both as a forceps and a suction
irrigation device, thereby combining the functionality of two devices into one.

o The mass flow rate obtained using the modified design in suction irrigation mode is

marginally higher compared to that of the standard Sl device.
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o It helps avoid two additional steps of re-inserting the Sl device and removing it,
consequently decreasing the chances of CO> leakage from the abdomen and saving time of
surgery.

o This device gives flexibility to the surgeon to use the Sl feature more frequently for quick
removal of blood or other body fluids in the field of view.

o This device helps reduce the risk of significant injury due to the usage of multiple
laparoscopic instruments, thereby reducing the blood loss, discomfort, and pain to the

patient.

This instrument is designed in such a way that it can be completely disassembled part by
part, similar to the dissector forceps currently in use. The inner rod — jaws assembly, outer tube,
outer sleeve, handle, and other smaller components can all be taken apart. This way, they can be
individually cleaned and sterilized without compromising the patient’s safety. This feature allows

for ease of sterilization so that it can be used multiple times.

In chapter 5, flow analysis of blood (modeled as a hon-Newtonian fluid) has been carried
out in the alternate design of surgical forceps, and the results are compared with those obtained
previously in the case of water (a Newtonian fluid). This new device has functionalities of both
dissector forceps and S-1 device. The mass flow rates computed using shear-thinning flow models
like Carreau and Carreau-Yasuda models, which are used to simulate the blood flow, are found to
be almost identical. Compared to the 8mm, 45 design, 8mm, 60" design better caters to the mass
flow rate delivered by the S-1 device. The results also show that 8mm, 60 ° design can effectively

cater to the mass flow requirements of both the S-I cleaning fluid in irrigation mode and blood in

132



suction mode. Therefore, this is proposed as a suitable improvement to the dissector forceps and

is finalized for fabrication.

This new design is expected to:

e avoid the exchange of multiple instruments, consequently decreasing the chances of CO>
leakage from the abdomen.

e reduce the time of surgery.

e reduce the risk of fatigue to the surgeon and trauma to the patient due to the exchange of
multiple instruments.

e give flexibility to the surgeon to use the SI feature more frequently for quick removal of

blood or other body fluids in the field of view.

Many surgeries like Myomectomy, diagnostic laparoscopy, appendectomy, Nephrectomy,
cholecystectomy, Hysterectomy, splenectomy, Single-incision laparoscopic surgery, etc., are time-
critical and need to be carried out with precision with little time for instrument exchange.

Therefore, the proposed forceps can find practical applications potentially in all such procedures.

In chapter 6, the new design of the CO: insufflators unit is designed and simulated in a
systematic methodology. Firstly, the design necessities are reviewed based on the characteristics
of the existing three instruments, namely, dissector forceps, Suction-Irrigator unit, and CO:
insufflators unit. Then, the new designs are obtained through simulation approaches using
Newtonian flow and non-Newtonian fluid behaviors, as discussed in our previous chapters 4 and
5. New designs combine all the functions of dissector forceps, CO- insufflators units and suction-
irrigation instruments. Finally, the feasibility of the new designs is verified by simulating the gas

flow over the instrument at different mass flow rates. The result has shown that the proposed design
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can potentially benefit almost all laparoscopic surgeries by reducing the time exchange of
instruments, making multi-functional, decreasing trauma, improving patient morbidity, and saving

time during surgery than the existing instruments.

8.3 Limitations of the Current Study

1. The surgeon has to physically remove the pin and reinsert it to switch between modes of
the instrument. Thus, the designs can be improved over the existing mechanism by fitting
the switch with a spring or electrically-operated toggle switch.

2. The proposed design has a long, inflexible shaft, which makes some regions inside the
abdomen inaccessible and restricts the grasper head in an axial orientation. Adding shaft
flexibility will allow an additional degree of freedom to the head.

3. The concept of the S-1 device presently used in surgeries is incorporated in our proposed
design. Currently used designs use the same tube for simultaneous suction and irrigation,
which could pose the risk of cross-contamination in the intra-abdominal regions. The
presence of jaws and other mechanisms in the S-I pathways may possibly increase this
risk. In our present work, this problem has not been addressed and can be taken as future
work.

4. The proposed laparoscopic forceps is not clinically tested or trialed on living beings.

8.4  Future Scope of Work

1. The proposed design has a long, inflexible shaft, which makes some regions inside the
abdomen inaccessible and restricts the grasper head in an axial orientation. Adding shaft

flexibility will allow an additional degree of freedom to the head.
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Since the CO- insufflation and S-1 processes require the same passage area in our proposed
design so as to facilitate the surgeon and does not compromises the patient's safety. So,
using a three-way valve (as a separate unit) can allow the S-1 fluids and CO: to flow
through the same pathway. Thus, we can have a three-way valve attached at the protrusion
end of the proposed device.

The proposed design can further be universalized by standardizing laparoscopic and
endoscopic devices so that the outer sleeve can be slid over them to enhance their
individual capabilities with the S-I feature.

In the current design, the jaws, the four-bar mechanism, and the inner rod constitute a
single assembly. To change the laparoscopic functionality with a different set of jaws, the
entire assembly must be replaced. This design can be improved by ensuring that the jaws
can be easily detached from the four-bar mechanism.

A specially designed miniature 3-axis distal force sensor can be added to perform tissue
palpation and measure tissue interaction forces at the tip of a surgical instrument. This
feature will lead to the widespread adaption of the proposed design in robot-assisted
laparoscopic surgery.

Further experimentation can be carried out to validate the predicted results. For instance
the device can be experimented with and tested for blood flow, CO2 gas flow, or a
combination of water and CO fluid flow inside the instrument.

Because of the increased friction due to the extra cylinder of the outer sleeve, there would
be an additional force required to operate the finger handles significantly more and
therefore leading to muscle fatigue. The required force can be studied and compared with

the existing forceps.
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APPENDICES

NOTE: All dimensions are in mm only.
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Fig. 18: Die pattern making and molding
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User defined function for using Carreau-Yasuda model in ANSYS FLUENT
[* Carreau-Yasuda Viscosity Model */

#include "udf.h"
DEFINE_PROPERTY/(cell_viscosity,c,t)
{

real mu_inf=0.00345;

real mu_zero=0.16;

real lambda=8.2;

real p=0.64;

real n=0.2128;

real mu_lam;

real rate=(C_STRAIN_RATE_MAG(c,t));
mu_lam=mu_inf + (mu_zero-mu_inf) * pow(1.0 + pow( lambda*rate , p ), (n-1)/p);
return mu_lam;

¥
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