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Abstract

A key tool in laparoscopic surgery is the grasper, which is the surgeon’s main means of
manipulating tissue within the body. However inappropriate use may lead to tissue damage
and poor surgical outcomes. This thesis presents a novel approach to the assessment and
prevention of tissue damage caused by laparoscopic graspers. The research focusses on
establishing typical grasping characteristics used in surgery and thus developing a model
of mechanically induced tissue trauma. A review explored the state-of-the-art in devices
for measuring surgical grasping, tissue mechanics, and damage quantification to inform the
research.

An instrumented grasper was developed to characterise typical surgical tasks, enabling
the grasping force and jaw displacement to be measured. This device was then used to
quantitatively characterise grasper use in an in-vivo porcine model where the device was
used to perform organ retraction and manipulation tasks. From this work, the range of forces
and the grasping times used in certain tasks were determined and this information was used
to guide the rest of the study. The in-vivo investigation highlighted a need for grasping in a
controlled environment where the tissue’s mechanical properties could be studied.

A grasper test rig was designed and developed to provide automated controlled grasping
of ex-vivo tissue. This allowed the mechanical properties of tissue to be determined and
analysed for indications of tissue damage. A series of experimental studies were conducted
with this system which showed how the mechanical response of tissue varies depending on
the applied grasping force characteristics, and how this is indicative of tissue damage through
comparison to histological analysis. These data were then used to develop a model which
predicts the likelihood and severity of tissue damage during grasping, based on the input
conditions of grasping force and time. The model was integrated into the instrumented
grasper system to provide a tool which could enable real-time grading and feedback of

grasping during surgery, or be used to inform best practice in training scenarios.
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Chapter 1

Introduction

Surgical techniques have been developing for around two hundred years and still a large
amount of research is being done into improving these methods to make them safer and more
efficient. A major development of surgical techniques is in the field of Minimally Invasive
Surgery (MIS), which aims to limit the size of the access wound, resulting in reduced pain

and faster recovery time.

1.1 Motivation for the Project

Besides these benefits, there are however a number of disadvantages such as reduced
haptic feedback, lack of depth perception, a longer time spent in the operating room and a
fulcrum effect experienced on the tools, where the motions of the tool tips are the reverse
to that of the surgeons hands. The disadvantages associated with MIS can result in higher
forces used during tasks which leads to tissue damage, and in turn can increase the risk of
perforation, tissue necrosis, and infection, especially in abdominal surgery if the bowel was
to be damaged. Often this damage is undetected during the procedure and so there is a need
for more surgery to correct the issue, increasing the patients recovery time, but the symptoms
may not be spotted until there are serious complications. In the case of tumour resections for
bowel cancer, slight damage to the delicate membranes, because of inappropriate grasping,
can increase the risk of recurrence by spreading cancer cells during grasping [, 2]. This
project aims to develop a method of reducing the chance bowel injury by assessing, in
real-time and post-operatively, the likelihood of damage occurring and to what degree. The
improved surgical outcomes which will be brought about by this have the potential to hasten
patient recovery, reduce the length of required post-operative care and improve the learning
curve of trainee surgeons.

During the development of laparoscopic graspers, very little has been done to investigate
the tool’s interaction with tissue. The usual approach taken by the manufacturers is to
manually grasp and manipulate samples such as cow tongue or chicken breast, to check that
they can be retracted with limited slip [3]], all of which is subjective to the individual user, and
without consideration for the actual forces being applied to the sample. This has prompted
investigation into the functionality of the laparoscopic grasping tools, focussing on the main
grasping forces used in abdominal surgery and how these forces affect the induced tissue

trauma.
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1.2 Aims and Objectives

1.2.1 Aims

The aim of the project is to develop instrumentation for an atraumatic laparoscopic grasper
which is capable of determining if tissue damage has been induced during use. The grasper
will monitor the laparoscopic grasping forces which are applied to the tissue, and highlight

when an excessive force is being used, and to what degree of severity.

1.2.2 Objectives

To achieve these aims the following objectives will be met:

1. Perform a literature review of the current state-of-the-art of MIS methods and

technological development.

ii. Design and develop an instrumented laparoscopic grasper to measure in-vivo grasping

forces; this provides the ability to highlight when excessive forces are being used.

iii. Perform in-vivo testing using the instrumented grasper to establish the typical task

forces and characteristics in abdominal surgery.

iv. Design and develop a laparoscopic grasper test rig which can replicate the forces used

in surgery in a controlled laboratory environment.

v. Use the test rig to grasp tissue samples with varying grasping parameters, advised from

previous in-vivo testing.

vi. Develop a model of tissue damage characteristics from tissue mechanics analysis,

supported by histological analysis.

1.3 Contributions of the Work

This work links measurements characterising in-vivo grasper use in MIS with a detailed
study of the resulting tissue response and trauma. Other research has investigated either
measuring in-vivo surgical task parameters, and how these differ between surgeons, or ex-vivo
tissue characteristics, without a link between the two. The test rig uses laparoscopic graspers
typically used in surgery to allow for comparable measurements to the in-vivo testing, again
developing the link between in-vivo and ex-vivo testing. It provides an accurate and repeatable
measure of the mechanical properties of tissue under varying forces, linking to a mechanical

and histological measure of tissue damage for laparoscopic tools, which has not been currently



1.4. THESIS STRUCTURE 3

shown in this area of research. Using these findings, the intelligent grasper damage model
assesses grasping force and duration from the instrumented grasper, to give a grading of
the expected level of induced damage. While previous research has shown in-vivo task
performance data, the intelligent grasper is unique in that it gives the surgeon an expected

damage grade, advised from ex-vivo findings, instead of simply numerical data.

1.4 Thesis Structure

Chapter [2] covers the review of current literature on MIS, laparoscopic grasper design,
tissue analysis (tissue properties and measurements of tissue damage), current MIS devices
to measure surgical task performance and tissue characteristics. The development and testing
of an instrumented grasper, used to measure in-vivo grasping profiles and typical surgical
manipulations is discussed in Chapter Chapter 4| describes the design of a test rig for
laparoscopic grasping, demonstrating its capabilities for use with porcine tissue. Chapter [3]
investigates the tissue’s mechanical response to applied forces, supported by histological
analysis, over the range of in-vivo grasping forces using the previously developed test rig,
and Chapter [6] combines the findings from the instrumented grasper and rig chapters to
provide a model to predict the likelihood of tissue damage. Chapter [/| presents a discussion
of the research results and their implications for improvements to surgery, together with

recommendations for future work.
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Chapter 2

Literature Review: Minimally Invasive
Surgery Techniques, Bio-Mechanical
Tissue Characteristics and State of the Art

Grasper Designs and Developments

2.1 Background to Minimally Invasive Surgery

As life expectancy rates rise with an ever-increasing population, new surgical techniques
are being developed to tackle the higher demand and complexity of procedures. Minimally
Invasive Surgery (MIS) was first introduced in 1983 as a therapeutic tool to perform an
appendectomy (appendix removal), whereas previously it had just been used as a diagnostic
aid. By 1993 MIS was recognised by surgeons as the preferred method of choice for simple
procedures such as appendectomies and cholecystectomies (gallbladder removal), and is now
the leader in abdominal surgery, due to aesthetic and trauma reduction benefits [4)]. In the
1990’s a small number of surgeons developed an experimental procedure for laparoscopic
resection of colorectal cancer and has now been established worldwide as a mainstream
treatment, which is as safe as previous methods both in the short and long term [5]. To
perform MIS, several incisions (typically 3-5), each approximately 20 mm long
(depending on the port size) are made to the patients abdomen using a scalpel, often including
the navel for improved aesthetics. Through these incisions, trocars (tool ports) are advanced
through the abdominal wall so as to enter the intra-peritoneal cavity, taking care not to injure
the intra-abdominal viscera [6]. The trocar provides a sterile and sealable internal access,
reducing the risk of infection to exposed organs and limiting irritation to the wound. A
laparoscope, a camera consisting of a light source and optical cable, is inserted down the
navel trocar to provide a live video feed of the surgery, which is displayed on a screen in
the Operating Room (OR), and is subsequently used to guide further trocars through the
abdomen walls, preventing the bowel from being punctured (Figure [7]. The abdomen
is then insufflated using CO, to allow the surgeon room to manoeuvre the laparoscopic

tools (typically 230 - 350 mm long) and to provide a clearer view of the surgical procedure

(Figure 2.1D)).
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Laparoscopic
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between
instruments
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Figure 2.1: Example of MIS port set-up highlighting (a) the location and triangulation
of the trocars (nephrectomy), including the navel, down which the laparoscope is
typically placed [8], and (b) the typical layout of a, the trocars, b, the laparoscopic tools,
¢, the insufflated abdominal cavity, and d, the laparoscope (appendectomy) [9].

There are a number of benefits to performing MIS over open surgery, such as a faster
recovery, reduced access trauma and smaller scars which result in less pain and a better
cosmetic result [10]. By reducing the size of the wound and using several smaller incisions,
fewer stitches are needed for each opening, therefore causing less strain on the wound after
surgery and limiting the risk of broken stitches. The wounds can therefore heal faster with a
reduced chance of infection, minimizing time spent in hospital and allowing for a faster return
to normal function [[11]. MIS also decreases the amount of adhesion formation between the
viscera and peritoneum, reducing the potential for complications in future surgery
[12, [13]. With cosmetic outcome becoming an ever increasing factor, the ability of the
surgeon to be able to perform complex procedures while keeping visible scarring to a
minimum provides a highly desirable option for patients, as growing numbers are now opting
for this type of surgery [14]. Even though initial costs for MIS can be considered as quite
large, the overall cost is generally lower when considering patient aftercare. Research into
the cost-effectiveness of MIS describes how overall there was a £300 increase in surgery cost
per patient and that in terms of long term results, both open surgery and MIS were the same
(as of 2001). It states that a judgement is required as to whether the short-term benefits are
worth this extra cost. However due to a lack of long-term MIS patients (when compared to
open surgery), there is insufficient data for this to be fully concluded [15].

Besides these advantages, there are however a number of disadvantages accompanying
MIS [14) 16]. Laparoscopy-induced bowel injury, although rare, can have devastating

consequences, so avoiding this requires meticulous surgical technique and experience by
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the surgeon [17]. This type of injury can be caused when the trocars enter the abdominal
cavity and accidentally puncture the internal viscera, by a coagulator (a device used to sever
and cauterise tissue) or by the tools used during manipulations. It has a potential mortality
rate of 3.6% if left undetected, with typically 66.8% of cases being recognised during the
procedure [1]. In open surgery the surgeon is fully able to palpate organs and decipher
whether it is healthy or diseased. This allows for a relatively small margin of error when
removing tissue. Using MIS, the surgeon’s hand does not come into physical contact with
the tissue, so any direct sensory feedback is lost [[18]. This prevents the surgeon from fully
knowing the magnitude of force they are exerting on the tissue, preventing the capability to
palpate and determine the thickness, density or texture of the tissue [1} 19, 20]. A variety of
surgical tools have been designed to return dexterity to the surgeon and so the ability to carry
out certain tasks, such as grasping, retracting and organ manipulation, however this means
that the surgeon is required to switch tools between different tasks, increasing the length
of time spent in the operating room [21]. The only image seen by the surgeon is from the
laparoscope monitor, often at a different angle to that of the surgeons point of view of the
procedure, affecting manoeuvrability and depth perception. As both the surgeons hands are
holding the surgical tools, an assistant is also required to manoeuvre the laparoscope which
often results in the image displayed on the screen not being entirely what the surgeon requires
and again increasing the time spent in the OR. A fulcrum effect is also experienced from the
laparoscopic tools where they are inserted into the body, thus inverting the surgeons hand
motions (to move the tool tip ‘up and left’ the surgeon must move the handle ‘down and
right’) [22]]. These issues can make manoeuvrability difficult and increase the likelihood
of excessive forces being used to prevent tissue from slipping. As a result unnecessary
tissue damage can occur which the surgeon may not realise until after the surgery has been
completed [14, [1'/7]. If a procedure is deemed too difficult, or a serious complication arises,
the surgeon can opt to convert to open surgery, whereby the tools and ports are removed,
and a single, large incision is made. This is often a last resort due to the traumatic nature of
open surgery, but usually chosen when the seriousness of the complication outweighs this.
However, there are novel intermediate states where single finger access is made to assist the

laparoscopic procedure [23], in an attempt to avoid open surgery where possible.

2.1.1 Current MIS Technology

The latest developments in MIS aim to either build on the current advantages and designs
or reduce the significance of the previously discussed disadvantages, covering a large range of
techniques and tools [24]]. The da Vinci® robot is one example of robotic assisted surgery or
tele-operated surgery, where the surgeon remotely controls the laparoscopic tools and camera

(Figure [25]. Robotic surgery is quickly becoming the preferred method of choice for
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performing highly technical surgeries, requiring higher dexterity than previously possible in
MIS [26]. Robotic tele-operated surgery was originally developed to allow remote access
to the patients, such as in war zones or isolated locations, where the surgeon does not need
to be present in the operating room. However this has recently become popular in everyday
procedures due to benefits such as reduced hand tremors using filtering software, motion
control of the laparoscope and continuation of the desired point of view (the position is
maintained by the robot which will not slip or suffer from fatigue, unlike a human user),
and the da Vinci® 3D imaging, which provides the surgeon with improved depth perception,
allowing for more control over movements [27]. The da Vinci® system has the disadvantage
of zero feedback on the tools (more so than conventional MIS), preventing the surgeon from
knowing the pressures they are applying to the grasped surface, therefore intense training and
technical knowledge are required to use these types of system effectively [28]], with further
research providing an understanding of these forces, and how they translate to the tissue-tool
interface [29].

Figure 2.2: The da Vinci® Surgical System robotic platform for teleoperated MIS
comprising of the control console (left), where the seated surgeon has a magnified 3D
image of the surgery, and the patient cart (right) with up to three instruments and the
3D laparoscope [28].

Advancements in software used alongside robotic surgery, combined with pre-operative
assessment, can define a ‘safe’ working area in which the surgeon can move unrestricted.
Upon manoeuvring the tool-tip outside of this area active constraints are applied, where
an incrementing resistive force is experienced with relative magnitude to the distance from
the ‘safe’ zone, until the outer boundaries are reached and the tool-tip cannot move further
away. This prevents the surgeon accidentally moving into a potentially dangerous region,
but does require advanced planning and would be difficult to implement if complications

arise [30]. Further advancements on this have allowed for deformable motion tracking of
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the heart surface, allowing the surgeon to operate on a seemingly motionless subject, while
the positional control software of the laparoscope and tools compensates for the patient’s
heartbeat and breathing [31], allowing for much safer surgery as the heart does not need to

be stopped.

2.1.2 Developments of Future MIS Technology

Advancements in MIS have lead to developments in Single Incision Laparoscopic Surgery
(SILS) (Figure [2.3a), where tools are passed through a single larger incision, often utilising
umbilical access for improved aesthetic results, which is still considerably smaller when
compared to open surgery [32]. Benefits also include reduced pain and lower port site
complications such as infections and hernias, and typically costing less than conventional
laparoscopy [33]]. This method has been shown to be equally as safe as traditional methods
for a number of procedures including the treatment of uncomplicated gallstone disease [34],
and lymphadenectomies [35]. However there are still issues with manoeuvrability and the
tools clashing due to the arched instruments required to pass through the same port, and can
therefore affect task motions and increase the time spent in the OR [36,|37]]. Further research
and advanced training of SILS provides the surgeon with skills to overcome these problems,
such as optimum placement of the endoscope, and novel tools designed to provide the greatest
dexterity, while still passing through a single port (Figure [38]. SILS techniques
have been shown as a suitable and safe method for performing colorectal resections when
compared to conventional laparoscopy when considering operating time, conversion to open
laparotomies and patient outcome [39]], although this should only be performed by surgeons

with high laparoscopic skills [40].
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Figure 2.3: Examples of novel access techniques in MIS; (a) SILS highlighting the single
required port and modified/bent tools [41], and (b) NOTES showing an example of oral
access through the base of the stomach [42].
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Another novel aspect of MIS currently being developed is Natural Orifice Transluminal
Endoscopic Surgery (NOTES), in which access to the surgical site is gained by entering
the body through a natural opening, either orally, or via the anus or vagina, further reducing
visible scarring (Figure2.3b) [43]]. As with the SILS technique, there is an improved aesthetic
outcome and reduced pain, but this method also prevents the potential for hernias occuring
during the recovery process due to the abdominal wall remaining intact [32]. From this further
developments have combined endoscopes with conventional MIS tools, miniature graspers
and biopsy devices with the aim of reducing the number of requred ports [42,44]]. These give
back dexterity to the surgeon and allow difficult areas to be reached without the need to add
extra access ports [45]. However there are still difficulties with the tools as greater skill is
required above SILS to control the steerable endoscopes, which are used to navigate through

the access channel.

A A —

Single port

|
Working instrument

B

ran.
b1

Figure 2.4: An example of the MAGS device, showing (A) a schematic of the MAGS
positioning relative to an instrument port, (B) the potential port reduction, requiring a
single access to insert the tools and multiple locations possible, (C) the MAGS device in

place, secured to the abdomen wall, and (D) a cutting tool attachment in use while held
by the MAGS [8].

Instead of performing a purely NOTES procedure, often it is combined with conventional

laparoscopic techniques which assist in some of the more technical aspects of surgery,
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including mini-laparoscopic surgery which uses tools of diameter 3 - 5 mm, thus reducing the
incision length and maintaining the aesthetic benefits [46]]. New devices are also used to assist
the surgeon while keeping the number of incisions to a minimum. The Magnetic Anchoring
and Guidance System (MAGS) (Figure[2.4) can be used to secure either an internal camera, a
tissue retractor or a robotic cauterizer, and can be used alongside SILS or NOTES, removing
the need to add extra ports and allowing easier access by reducing the number of port tools
required [8], 41]]. However this system is still in early development and can often be difficult

to control or secure in position, with future designs looking to address these issues.

Tether {

(a) (b)

Figure 2.5: Miniature MIS robotic cameras; (a) a wheeled camera for traversing the
internal environment [47] and (b) a stationary camera which is placed internally and
can then rotate the camera module for the optimum view [48]].

Miniature robotic devices are also currently in the early stages of development to be used
in conjunction with SILS and NOTES techniques, with the aim of reducing the number of
required ports while maintaining the dexterity and abilities of the surgeon [49]]. The devices
include miniature cameras (Figure [2.5)) for alternative views of the surgery [48]], and also
biopsy robots (Figure [2.6) which are able to traverse the abdomen or colon, extend a biopsy
tool to remove a sample, then return to the port site [50]. Other miniature robots may act as an
extra laparoscopic tool, with the capability of grasping and cutting [47]]. Various locomotion
techniques have been developed to tackle the issue encountered when trying to remotely
navigate in-vivo, such as traction wheels, vacuum suction to pull the device, and Shape
Memory Alloy (SMA) transducers which extend and retract, creating a pulsating motion
to carry the device along [51} [52]]. There are still a number of issues to overcome before a
fully versatile design is created, therefore due to the non-uniform nature of the viscera and

the difficult environment, medical robotics is still not fully dependable.
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(b)

Figure 2.6: Miniature MIS biopsy robots; (a) an armed device for improved
manoeuvrability and access [47], and (b) a wheeled device with biopsy attachment [48].

Previous advancements in MIS technology, techniques and tool design have aimed to
address difficulties experienced during procedures by the surgeon and post-operatively by
the patient. However with such a large area of potential research, current techniques are
being investigated to determine what needs to be understood and developed until these novel
tools are commonplace. One key area of this is understanding the design and functionality
of commonly used laparoscopic graspers, what their limitations are and what improvements
can be quickly and easily implemented. Current MIS tools will be around for the foreseeable

future and there is significant potential for improvement through optimising these.

2.2 Minimally Invasive Surgical Graspers

One significant disadvantage in MIS experienced by the surgeon is the unavoidable use
of small tools, as opposed to their hands, in the manipulation of organs and performance of
the different tasks required. The severely reduced haptic feedback and complete loss of the
surgeon’s ability to palpate organs have lead to further advancements by the manufacturers in
the tool development to ensure a reliable design to reduce slipping, improve ergonomics and

to simplify tasks such as suturing, cauterising and stapling.

2.2.1 Grasper Designs

By interviewing a number of experienced surgeons it has been understood that the main
role of surgical graspers is for tissue manipulation and organ retraction, which involves
grasping the organ and pulling, typically to hold the tissue out of the view of the laparoscope
and stretch out organs for dissection (Figure [2.7)), the second of which requires the largest
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retraction force to be placed on the organ by the grasper to ensure the task is carried out

safely [53].

(b)

Figure 2.7: Examples of abdominal MIS tissue manipulation with graspers; (a) in-vivo
manipulation to expose tissue, (b) stretched tissue suspended during stapling dissection.

Laparoscopic grasper manufacturers generally use similar grasper designs (Figure [2.9),
and typically used the same rolling link mechanism (single action graspers) or scissor linkage

mechanism (double action graspers) to convert the linear motion into a grasping action

(Figure [2.8) [54].

Figure 2.8: Two examples of grasper mechanism design; (A) a rolling link mechanism
(single action), and (B) a scissor link mechanism (double action) [55]].

When manufacturing laparoscopic graspers, several design parameters firstly need to be
considered [56]]. With regards to the type of material, if a tool is designed for multiple
uses, then the material should be able to withstand sterilisation and still function reliably
afterwards, typically stainless steel is used. Single use items however are designed to be
disposed of. The design should also consider if it is to be atraumatic, as the manipulation of
delicate tissue using traumatic graspers (Figure[2.9a) will cause serious trauma. Fenestrations
are usually added to prevent this (Figure[2.9b). For some tools it is necessary to be traumatic

(Figure to ensure non-biological items can be removed easily, e.g. to removed resected
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tissue, it is placed inside a bag and drawn out through the laparoscope port, using a traumatic
grasper to ensure it is not dropped, compared to graspers which are used to retract and hold
organs or tissue (Figure 2.9d). They have been designed to allow the surgeon to grip tissue
during surgery while attempting to reduce the amount of trauma caused as much as possible.
A large variety of different graspers exist to provide the surgeon with as much choice as

possible to perform each surgical task.

(a) (b)

=

&

() (d)

Figure 2.9: Surgical Innovations Ltd. reusable laparoscopic grasper examples; (a)
crocodile forceps (traumtic), (b) short fenestrated (atraumatic), (c) fine toothed forceps
(traumatic), and (d) babcock (atraumatic).

The reusable tools are designed as individual modules which can be separated for cleaning
and the resposable tools (reusable handle with disposable tool-tip) again allow the reusable
parts to be disconnected and cleaned. Other commonly used grasper designs have slight
variations in the shape, length and diameter (5 mm and 10mm, and new 3 mm) and whether
they are single or double action. It can be seen that there are significant differences in grasper
designs, such as tooth profile, shape and scale. Careful consideration should be made when
selecting a tool as these different factors will greatly influence how damage is caused and

how the force is transferred from the handle to the tool tip.
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(a) (b)

Figure 2.10: Surgical Innovations Ltd. laparoscopic grasper handles; (a) pistol grip and
(b) horizontal handle.

The traditional design for laparoscopic handles (Figure has faced much criticism
over the poor ergonomic design, causing discomfort for the surgeon after prolonged use. New
ergonomic designs (Figure[2.10Db) are becoming increasingly popular due to the more natural
hand position. Both types also include a ratcheted version to allow an area to be clamped and

held, without requiring the surgeon to maintain this force.

2.2.2 Grasper Mechanism Analysis

To provide surgeons with a better understanding of how the handle movements and forces
relate to the tool tips, mathematical modelling and kinematic analysis of graspers under
different conditions have been investigated. A grasper’s performance can affect the user’s
gripping ability when manipulating tissue, as well as the likelihood of the tissue slipping,
often resulting in the surgeon overcompensating and increasing the potential for trauma [57]].
By investigating the relation of the handle motions and forces to the tip parameters, research
has highlighted previously unknown issues with laparoscopic graspers. Mathematical models
have been developed [58]], to benefit the optimisation of MIS tools as well as analysis of
the forces involved during tasks [59]. When compared to open surgery, surgeons have a
tendency to apply too much force for too long during MIS, to be certain the tissue will
not slip. This is due to the fact that the geometry of the tool and transmitted forces differ
to that of the surgeon’s hand, and even though it is still possible to differentiate between
objects of varying hardness certain techniques need to be re-learnt [60]. The effect of this
has been explored by asking 10 novices to perform barehanded and laparoscopic lifts, while
the grasping and pulling forces were monitored by the artificial tissue, using a force sensing
lining and loadcell, which generated a random resisting force. The results showed that all
participants could perform a safe lift when barehanded, as they were able to compensate
during the grasp. However the laparoscopic data showed that 38 % resulted in slippage, with
frequent high forces of up to 7.9 N at the tip (compared to 2.5 N for a barehanded grasp) [61]].
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One analysis shows an experimentally determined relationship between the handle angular
movement () and the grasper jaw angular movement () for a scissor linkage (double action)
mechanism (Equation [2.1)) [62]. This suggests a linear relationship between both parameters,

but a relationship that the surgeon can only appreciate after practise.
0 = —12.558 4+ 41.70 2.1

However it has also been shown that there is a non-linear relationship between the inner
shaft forces and the output forces for various jaw opening angles [63]], suggesting that different
handles and grasper geometries will not always provide a linear relation between the handle
and tip [64}65]. In a situation where infrequent grasping is needed, tools with low mechanical
efficiency (high hysteresis) are suitable, but for repeated opening and closing, a high
mechanical efficiency (low hysteresis) is better [66]]. It is key to understand the force
transmission relation in scissor linkage tools [[67]], but for a fully defined system the response

of the material is also required [68]].

Figure 2.11: Laparoscopic grasper force transmission rig, highlighting the locations of
(A) the grasper, (B) the connecting rod, (C) a linear force sensor, and (D) the applied
weight [63].

One research group sought to experimentally characterise the relationship between input
and output forces of laparoscopic graspers. The tool was held in a rig, with a force sensor
along the internal linkage and a pulley weight system to apply force directly to the grasper
tip (Figure [63]. However this set-up does not consider the angle of the jaws which are
likely to affect the transmitted force. Altering the fenestration design can affect the retraction
force and tip pressures [69], and by varying the meshing abilities of the fenestrations, the slip
properties have been investigated [S7]]. Pressure distribution differences for grasper profiles

have shown the patterns of failure for varying fenestration designs [53, [70]. By increasing
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the number of fenestrations, the potential damage can be reduced [71]], and by altering the
profile of the fenestrations to hemispheres rather than teeth, again the pressures on the grasped
area can be limited [58]. Also depending on the angle at which the grasping plane is to
the tissue surface, the pressure generated can spike to over three time greater than average
possible pressure between a surgeons index finger and thumb (for an angle up to 135° from
parallel) [[72]. Another comparison describes differences between laparoscopic tools and
surgical forceps [73]. Even though the use of surgical forceps differ from hand palpation,
there is still a considerably larger force being used with laparoscopic tools. Key features
of typical laparoscopic graspers have been investigated to provide surgeons with a further
understanding of their functionality. From this analysis improvements can be made to the

designs to overcome issues such as non-linearity and mechanical efficiency.

2.2.3 Laparoscopic Grasper Design Improvements

To improve some of the apparent issues with laparoscopic grasper designs, a variety of
different mechanisms and materials have been investigated. Improvements of the grasper tip
mechanics allow for more precise movements (Figure 2.12)), but this will again require the
surgeon to relearn manipulation forces and limitations of the design, potentially leading to

further overcompensation [[74]].

Figure 2.12: Design and grasping function of a compliant mechanism for surgical tools;
open (left), closing action (right) [75].

Some designs have attempted to mimic the human hand, known as Hand Assisted
Laparoscopic Surgery (HALS) (Figure 2.13]), which is then assembled internally to retain
the small incision size. These typically consist of three appendages allowing for tasks such
as grasping, pushing organs aside, pinching, and opening [76, [77]. The tools used during
HALS need to be assemblable to maintain the size of the port holes, however this increases
the time spent in the OR [[78]].
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Laparoscope

(a) HALS (b) Robot HALS

Figure 2.13: The comparison between (a) conventional HALS, and (b) robotic HALS
[76].

Multi Degree Of Freedom (DOF) designs allow for access to larger areas and improve
dexterity through typical sized incisions [79]. These types of graspers still require advanced
training by the surgeon to fully benefit, and often require an external power supply. For
a reliable substitution, a secure fail safe is needed in case of power or mechanism failure.
Multifunctional devices combine the functionality of different tools, such as cutting and
grasping devices, potentially reducing the number of ports needed as well as limiting the
time spent switching between tools [80]. These devices, like the traditional designs, still
need refinement and could potentially complicate the force transmission relation further [81].
Modifications to the grasper materials show a reduction in stresses and improved contact area,
making manipulation safer and more reliable [[75, 182, [83]]. Considerations for the ergonomics
of the handles have led to new designs to improve the efficiency and comfort in prolonged
procedures but can often greatly change the functionality and motions related to grasping,

requiring the surgeon to relearn these tasks [[84]].

While many advancements have been made in the manufacture of conventional
laparoscopic tools there are still many unknown factors which can affect surgical performance.
Modifications to traditional graspers still require an understanding by the surgeon as to the
force propagations. Investigation of the tissue/tool interface and identifying how the tissue
responds under grasping conditions is key to determining the magnitude of damage and how

this can be reduced.
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2.3 Abdominal Tissue Analysis

By analysing the grasped tissue as opposed to the tools, models can be made to provide
better information to designers, surgeons and researchers. One major issue to consider is
how the tissue will react when forces are applied. In abdominal surgery there are different
organs with varying stiffness and damage thresholds, and for organs like the colon, there are

numerous layers to the tissue which will respond differently to manipulation forces

(Figure [2.14)).
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Figure 2.14: The cross section of a colon sample showing the connective tissue, muscular
layers, submucosa, and mucosa [85].

2.3.1 Rig Designs Used to Investigate Tissue Characteristics

A number of tissue rigs have been developed to investigate tissue characteristics and
understand the underlying mechanics at the tissue-tool interface. A typical indenter rig
requires the tissue sample to be placed under an indenting arm with an attached force sensor.
As the arm is extended into the sample, the force response of the tissue is measured
(Figure 2.15). A test rig has been developed for in-vivo indentation testing, allowing tissue
characteristic measurements to be measured during surgery [86]. This can provide results
closer to ‘true’ values, as there is greater control of the indentation motion, compared to that
of a surgeon. Reliability of the results however, could be compromised by effects from other
organs surrounding test site, if they were to move during the indentation, affecting instrument
measurments. Typical rigs are uniaxial, i.e. they have only one DOF. However those with
multiaxial designs allow for more parameters to be measured with a single device [87]. Where
indenter rigs tend to measure compressive responses of tissue for scenarios such as grasping,

tensile rigs aim to measure the tissue’s response to being pulled or stretched, typically during
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dissection or when inserting a tool. Other rigs also allow for a combinations of compression,

sliding and rolling over the tissue using different test surfaces.
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Figure 2.15: Single DOF tissue indentation rig to measure tissue response; schematic
(top), indentation test on liver sample (bottom) [88].

Figure 2.16: Test rig to measure the grasping properties of fenestrations on tissue [53].

Current ex-vivo test rigs can be used to simulate typical in-vivo scenarios, to analyse
the tissue mechanics and damage, as well as investigating the implications of particular
surgical tools. This ex-vivo approach is beneficial as it can provide a controlled set-up, for
higher reliability of results, when compared to in-vivo testing [63]]. Other test equipment has

been designed to incorporate different grasper profiles to apply to tissue samples. This can
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include various types of fenestration designs to advise design improvements to manufacturers
(Figure [2.16]) [S3]]. Tests have been designed to measure the various properties of tissue, but
understanding what this data is showing will allow for improved grasping ergonomics and

identification of tissue damage.

2.3.2 Modelling the Mechanical Properties of Tissue

Due to the complexity of biological structures, it can often be difficult to model their
mechanical characteristics, but it is essential to understand how the tissue will respond during
procedures [89]. It is crucial to understand how biological structures behave under different
conditions, as this can indicate anomalies such as tumours or ruptured tissue. Analysis has
been carried out on modelling tissue response from force data collected. This is particularly
useful for Virtual Reality (VR) simulators, to ensure simulated organs will respond in the
same way as actual tissue, giving a more realistic simulation, and improving a surgeon’s
ability to learn [90, 91]]. Modelling the mechanics is made especially difficult as the tissue
samples are usually made of several different layers, each typically with their own mechanical
properties [92]]. Researchers have attempted to model fibrous tissue and incorporate a more
complex system into the models [93]. Work has also been carried out to observe the different
properties of the intestine, showing the mechanical properties of the muscle layers and mucosa
[94]. This work highlights the variation in each and how the different cellular structures give
rise to particular attributes, namely the structure of the collagen in the mesocolon which
contributes to an increased rigidity.

Various methods are being developed to determine the mechanical properties of tissue.
This is a difficult task because, unlike silicone for example, tissue does not have predictable,
uniform properties. Over a small area of tissue, there can be different blood vessels, glands,
and fatty deposits, which are distributed unevenly. Researchers have attempted to model
factors such as elastic modulus [95, [96]], shear modulus [97, 98]], and stress and strain
properties [99, [100]. The Young’s Modulus of tissue was investigated by using electron
microscopy and confocal microscopy to analyse the microscopic structure of the tissue [101]].
From this, the cell structure behaviour and the different stresses involved are estimated to
determine when the tissue will be damaged. To analyse the tissue properties, the samples
are sometimes preconditioned where repeated stress-relaxation cycles are performed on the
samples. This is believed to affect the mechanical properties of tissue by stretching the fibres,
gradually breaking down the cellular structures, and as a result reducing how much stress
the sample can endure [102]. By performing different types of preconditioning methods,
it was observed that there are slight changes in the tissue’s stress-strain response. Typical
values of the Young’s Modulus for soft tissue have been measured and shown to range from

approximately 1 kPa [101] up to 6.7 kPa for relatively low strain rates (¢ = 0.002s™1).
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However by increasing the strain rate to the order of ¢ = 1000s~! the modulus increases by

more than three orders of magnitude to 3 MPa [101].

However elastic modulus calculations show a maximum measurement error of 14 percent,
again highlighting the variability when using tissue [93]. Calculations of the shear modulus
of tissue have been performed to estimate how the tissue will respond to a compression [97]].
Physical measurements have also been taken, and by applying a compressive load to the
tissue and observing the visual deformation, it was concluded that cell deformation played
an important factor in cell damage, with length of compression also attributing to the level of
trauma [[103, [104].

Lumped parameter models are often used to describe the behaviours of different types of
tissue. Although physically they do not represent the tissue structure, when a force is applied,

the element can mimic certain properties.

F AT d
F
\ 4
(a) (b) (c) (d)

Figure 2.17: The four typical lumped parameter models; (a) a Hookian spring element,
(b) a damping element, otherwise known as a viscous dashpot, (c) a contractile element,
and (d) a Darcy or permeability element [92].

A tissue’s elastic response is represented as a spring element (Figure [2.17a), where an
applied force F', results in an instant deformation, proportional to F' [92,[105]]. The viscosity
of a tissue uses the dashpot element (Figure[2.17b]), where the applied force results in constant
velocity dependant on the magnitude of F' [92, [105]. Other designs include the contractile
element (Figure which mimic muscle response, where the element contraction results
in an applied force. This is observed when the muscle nerve is stimulated, and the resulting
force is measured as the muscle contracts and relaxes (Figure 2.18)). The Darcy element
(Figure[2.17d) simulates when an applied force results in a pressure difference in the chamber,
pushing the fluid out, usually used to represent single fluid filled cells, or the movement of
fluid. The two latter elements will not be further considered in this work as they are not

typically used to describe tissue responses of those observed in abdominal surgery.
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Figure 2.18: A muscle excitation experiment, showing (a) the diagram of the set-up, and
(b) the resulting tension over time [92].
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The spring and dashpot elements are usually combined in various configurations to show
different attributes of tissues [[105]. The Maxwell model (Figure uses a single spring
and dashpot element placed in series, to simulate a material with an initial elastic response,
followed by gradual motion with no final limit, typically for very soft tissues such as brain
matter. The Voigt model consists of a single spring dashpot in parallel, where the motion of
the spring is restricted by the rate at which the dashpot moves, and the final extension of the
model is limited by the spring, typically used to describe higher resistant materials such as
bone or cartilage [106}107].
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Figure 2.19: Tissue mechanics model configurations using the spring-damper elements,
showing (a) the Maxwell model, (b) Voigt model, and (c) the Kelvin model [92, 105]].

A Kelvin model (also known as the standard linear model) uses a second spring in parallel
with the Maxwell model (Figure[2.19¢). This gives a similar response to the Maxwell model,
but the full extension is limited by the spring element, as with the Voigt. This design is
typically used to describe viscoelastic materials such as abdominal organs, with soft or stiff
organs such as colon or lung, respectively, modelled by varying the parameter values.

By analysing these models under various circumstances, their properties can be observed.

By applying a constant force the models continue to deform. This shows the creep associated
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with it. In the Maxwell model (Figure[2.20a)), an immediate deflection can be seen as a result
of the spring element, followed by the steady motion of the dashpot. This deflection is seen
again as the force is immediately reduced. The resultant deformation from the motion of the
dashpot is permanent, as there is no returning force. For the Voigt model (Figure [2.20b)), after
the force is applied there is no immediate motion, as this is restricted by the dashpot. The
rate of deformation will gradually reduce however, as the spring element takes an increasing
amount of the load, giving the limit of the deformation. Once the force is removed, the model
will return to its original position, as the retracting force from the spring, moves the dashpot.
For the Kelvin model (Figure , a similar result is observed, with an initial deflection
from the single spring element, followed by the exponential response from the spring-dashpot
series. The maximum deflection of this model is also limited by the single spring element,
which also returns it to the start position once the force has been removed, also with a sudden
response from the spring [[105]]. This type of test can be performed typically using an indenter
rig, or similar, and by observing characteristics such as the initial gradient after release,

factors such as the material hardness can be found (Figure 2.21)) [108].
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Figure 2.20: The creep functions, for loading and unloading, of (a) the Maxwell, (b) the
Voigt, and (c) the Kelvin model [105].
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Figure 2.21: A typical indentation profile showing how the hardness, S, is found from
the initial gradient of the unloading curve [108].
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By applying a constant deformation, the corresponding force induced in the models
decrease with time, showing the associated relaxation. In the Maxwell model (Figure [2.22a))
the sudden deformation causes an increase in force from the dashpot, resulting in an
immediate reaction from the spring element, followed by the exponential response from the
dashpot. The force tends to zero as the dashpot moves. For the Voigt model (Figure [2.22b))
a sudden deformation results in a very large force as there is no inital movement, due to
the dashpot. This is theoretically infinite, for a step deformation. The overall force will
decay exponentially until the spring reaches its limit giving the resultant force, which is then
maintained. For the Kelvin model (Figure , as with the Maxwell model, an initial
increase in force is observed due to the dashpot. The relaxation is similar to the Maxwell
model, except that the resultant force does not tend to zero. Instead it reaches the limit of
the single parallel spring element, ending with a resultant force, which is then maintained, as
with the Voigt model [105].
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Figure 2.22: The relaxation functions, of (a) the Maxwell, (b) the Voigt, and (c) the
Kelvin model [105]].

Figure 2.23: Tissue relaxation from top to bottom is the sample, the cell outlines, and
the cell structure schematic, highlighting (a) the sample under no load, (b) the sample
under 2000 x gravity applied over 5 minutes, and (c) the sample under 2000 x gravity
applied over 36 hours [109].
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Researchers have observed the cellular structure of tissue under different loads to further
understand how they respond, and how this may affect mechanical measurements [[109]. With
an initial force applied, the cells are stretched, but given long enough to recover, the cells
attempt to return to the original structure (Figure 2.23).

Another observation can be found using cyclic testing to show the hysteresis or energy
loss of the tissue. Researchers varied the stimulation frequency to determine particular factors
including time response [110]. By stimulating tissue in-vivo, the forces and motions present
in typical MIS were replicated to generate stress/strain graphs of different organs, such
as the liver, bowel, spleen, and stomach [88]. Other research into organ tissue properties
involved stimulating the tissue under different circumstances. Finite element models were
then made to show varying stresses and contact pressures [71]. A viscoelastic model was used
to characterise the tissue, and then using a micro-machined piezoelectric sensor the tissue
properties could be measured [111]. From this, approximations could be made about the
mechanics of the tissue; however this is only generalized and assumes uniformity throughout
[112].

Figure 2.24: The Wiechert model typically used to model viscoelastic tissue properties,
comprised of a single spring element E in parallel with : number of Maxwell models
(a spring E; in series with a dashpot 7;) [113].

Typically force relaxation observations lie closer to in-vivo scenarios as the surgeon would
grasp the tissue and maintain the position using a ratchet, therefore this will be the focus of
this work. Developments in soft biological tissue modelling have led to advancements into
the most suitable model configurations [92], and have given rise to the use of a five element
model known as the Wiechert viscoelastic model (Figure [2.24). This uses five parameters
to define the stress relaxation in the samples response. The E, E; and E, parameters show
the elastic elements of the samples, with 7; and 7, giving the viscous elements. This model
allows for the fact that tissue relaxation does not occur at the same time, but over a period
of time. Additional Maxwell configurations can be added in series with the Wiechert design

to give increasingly complex models. Typically the Wiechert model is the most suitable
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for modelling viscoelastic materials such as abdominal tissues, as previous research has
shown this provides the closest response fit, when compared to the Maxwell, Voigt, or Kelvin
models, yet has the least complexity over 7, and above, element models [[113] [114].

The Wiechert model can be represented as an equation (Equation [2.2)) where the values
of the time constant 7; are found from the stiffness E; and viscosity n; (Equation [2.3)) [114].

E(t) = Ey + Fye ™ 4 Eyet/™ (2.2)

T, = Ui/Ei (2.3)

The single spring element £, describes the initial instant relaxation observed in the
response curve, demonstrating the tissue’s elastic response, as this has no viscous element,
and hence no time coefficient. The spring-dashpot combinations, £, 77; and Es, 7, represent
the middle and final stage of relaxation. Typically F; should be greater than Fs as the
middle stage is still exhibiting elastic behaviour, but with an increasingly apparent viscous
component. Also 7» should be greater than 7; leading to a greater time constant 7 which
is the remaining component of relaxation over the final stage of the response [109]. The
value of E(t — 7) physically represents the decaying effect of the strain at a time 7 before
the current time ¢ on the current stress [[115]. This is typically used to determine soft tissue
characteristics with the model parameters being investigated for various organs (Table [2.1))
[109]. To extract additional information from the viscoelastic response, such as the Young’s
Modulus or hardness, the stress-strain curve must be analysed, and the relaxation gradient

typically used. This can often give large discrepancies when using materials like tissue.

Cell Type Eqo FEy Ey M1 2

Neural retina 1.6 +0.5 34405 21403 73+£10 552+95
Liver 46+0.1 404+06 234+04 76=£15 49.6+13
Heart 85+£02 51+£06 25+03 95+12 660=£17
Limb 201 £0.5 86+13 77+26 235+44 341+116

Table 2.1: Values of the model parameters for varying organs [109]

Often human cadaver tissue is used for investigating tissue properties, to give biologically
accurate measurements, but properties such as viscosity and hardness are greatly affected by
how fresh the tissue is and the method, if any, of preservation [99, 116]. Analysed tissue
types include the small intestine [117, [118]], colon [119]], liver [120] and the rectal wall
[121]. Due to the large variations in abdominal organ properties, each needs to be understood.

Methods for investigating tissue properties include contact analysis, where a known surface
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is brought into contact with the sample for a predetermined time and/or at a certain pressure
[S8], and similarly soft indentation where the known profile of an object is used to indent
the sample, and the response is measured [122]. Properties which have been investigated
include the elastic modulus of tissue, or the samples resistance to deformation [96, (123, [124]],
surface deformation for varying forces [1235]], the friction of the sample surface, particularly
useful for retraction [[126], and cell mechanics which considers all the previously listed
characteristics, but on the microscopic scale, with the intention of extrapolating to a full
model [127]. Analysis of animal models allow for easier testing and control over subjects, in
particular porcine tissue which shares some similarities to human tissue, in that they exhibit
a biological visco-elastic material, with typical similar deformations [66, [128]]. Animals
include porcine and rat models to have been investigated, with the larger sized porcine model
often used to train surgeons [[129, [130]. One benefit of modelling is the ability to show
tissue abnormalities [98] such as cancerous tissue, as despite being able to determine the
exact characteristics of cancers, they are different enough to be detected. Other aspects
include cancer cell nanomechanical analysis, again drawing from typical cell mechanics, and
extrapolating to full scale [131]. Tissue response analysis has allowed the development of
synthetic materials to mimic certain properties, again allowing easier access for testing and
training [[132,[133]].

Initial investigations have aimed to model the properties of varying organs when damage
has been induced. This is often done using appropriate simulations of the tissue, but could
lead to potential significant errors, as these assume an ideal tissue structure [[134]]. Another
investigation has looked as the response of liver samples, as a needle is passed into it, to
validate a modelling simulation [91]. This showed the need to use an increased complexity
of model, as the response is not linear. Finally in-vivo measurements of the stress-strain
curves of damage induced in the tissue have been measured [100]. The results have been
compared to other means of damage, but still work is needed in identifying what is classed
as damage. By investigating these properties and how tissue should behave under normal

circumstances, advances can be made in determining the conditions for trauma to occur.

2.3.3 The Measurement of Tissue Damage

There are many parameters which can affect the likelihood of tissue being damaged
even after taking preventative steps to avoid it [135]. Complications from severe tissue
damage, although rare, can be life threatening [1]. To try and quantify the damage that has
been induced in tissue samples by laparoscopic graspers (either in-vivo or ex-vivo), different
methods of measuring damage have been found. Perforation forces of large pig bowel and
human small bowel have been investigated using a similar parallel set-up to the work carried

out on the fenestration investigation (Figure [2.16)). The force is applied direct to the tissue
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surface, with a system to measure the electrical continuity between each side of device. This
indicates when both indenters (located at opposing sides of the sample) touch, to indicate
tissue perforation [2]. This however does not show damage which occurs before perforation,
which can still be of serious concern. The results showed that for large bowel (Figure [2.25),
the average perforation force was 13.51+3.7 N, with a minimum force needed to perforate the

tissue at approximately 8 N.

M large bowel O small bowel

perforation force (N)

Figure 2.25: Comparison of the forces required to perforate both large and small
porcine bowel tissue [2].

It was observed that there was initial superficial damage, and also damage at a cellular
level, which was shown using histological techniques (studying the tissue at a microscopic
level) [136]. Generally histological methods are more precise than macroscopic analysis
as the sample is observed at a much smaller scale, however both techniques require human
judgement as to the classification of damage. Physical discolouration can be analysed to give
an indication of the damage (Figure 2.26)), but can also be subject to individual interpretation

or image properties (contrast, brightness, quality, etc).
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Figure 2.26: Example of local discolouration observed after increasing degrees of
applied stress to show tissue damage [100].

Macroscopic analysis provides an indication of the severity of the damage and also the

location. Bruising suggests damage to the blood vessels whereas bleeding would indicate
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more severe structural damage. However it is difficult to accurately determine the cellular
damage without performing a histological or microscopic analysis. Histological methods
highlight various tissue structures that could potentially be damaged. By using a microscope,
these structures can clearly be seen along with damage caused. Another method that has been
introduced uses semi-quantitative image analysis so the amount of damage can be quantified
in various terms, for example by counting the number of ruptured blood vessels, damaged
cells, misshaped glands etc. Once the software has been taught what constitutes as damage,

it will count objects which fit the criteria for each tissue sample.
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Figure 2.27: Focal thinning of the tissue sample, and epithelial loss (cell destruction) of
the tissue layers [19].

Fast unloading can help to reduce the amount of trauma [71]]. Different forces may
cause damage to the tissue by rupturing the cells, damaging the mucosa and other structures,
depending on the tissue type (Figure 2.27) [100]. By analysing the likelihood of a sample
tearing, graspers can be optimised to try and prevent this. Such work has been carried out by
testing different grasper jaw profiles when pulling tissue at varying forces [[19]. However this
will be highly dependent on the type of tissue used, for example colon samples can undergo
larger stresses before tearing, when compared to delicate tissue such as mesocolon [66]]. The
application for tissue damage analysis can then be transferred to a surgical situation to try to
improve results [[137]. Research has been conducted into the amount of trauma experienced
by patients undergoing either open surgery or MIS [138]. This is done by analysing four
different chemicals (interleukin-6, interleukin-10, C-reactive protein and granulocyte elastase)
present in blood before the surgery, and then six hours, one day and 2 days after surgery, to
observe the body’s response. After trauma to the body, these chemicals increase relative to
the amount of trauma experienced. Also there have been investigations into the metabolic

and inflammatory response [139]. The research shows that MIS, when compared to open
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surgery, induces significantly less trauma. To ensure accurate results, human and pig tissue
was also compared [2]], with simulations carried out over the tissues failure points to highlight
patterns of failure [[134]]. Investigations into tissue structure and response from grasping have
shown that often tissue trauma is unavoidable and can be difficult to detect. By incorporating
sensors into conventional laparoscopic devices, grasping forces and tissue responses can be

investigated.

2.4 Current Research Developments in MIS Devices

One area of research which is still in it’s infancy is the development and modification of
the laparoscopic tools used for measuring various in-vivo parameters. This is most likely due
to a number of factors, including difficulty to manufacture designs on a large scale, issues
concerning safety regulation in the OR, and even the slow uptake from surgeons who are
comfortable with their current methods. These developments span from the design of new
transducers to convert the data from one form to another, to the instrumentation of traditional
MIS devices. They aim to further understand the mechanics of surgery, as well as return
information to the surgeon which would otherwise be lost from the conversion from open
to closed surgery, known as haptic feedback [[140]. An investigation into the benefits of
haptic feedback highlighted that without it, the magnitude of the average force and peak
force applied to tissue during a blunt dissection task increased by at least 50% and 100%
respectively, and the number of errors to cause tissue damage increase by over a factor of 3
[141]. The result of providing the surgeon with extra information when asked to perform a
blunt dissection showed that without force feedback, surgeons are much more likely to apply
a higher force to the tissue and also are more likely to make mistakes as they will have to
concentrate more on gripping [138]]. The research assumes that the difference between the
different tissues makes force feedback more beneficial, but may become redundant if used in

an areas where all tissues have similar mechanical properties.

2.4.1 Force/Pressure Sensors

There are numerous designs for force/pressure sensors which allow an array of
measurements to be taken over the surface of an object. These sensors aim to replicate
the sensing ability of the surgeon’s hand/fingers which is lost in MIS. There are several
types of biological sensor mechanisms which combine to give tactile information to humans
(Figure [142]. A large variety of sensors have been developed to measure the applied
forces and pressures over a surface to understand tactile feedback and the types of forces
present for various tasks [143, [144]. In particular these have been integrated with surgical

tools to begin to understand what is happening at the tissue tool interface. As well as
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providing numerical feedback of forces, some sensors are used to monitor wounds after
surgery to ensure the patient does not exert too high a force on it [145]]. Bio-compatable
sensors are being developed for full in-vivo measurements to be taken in humans [146]], with
fibre optical sensors under developement for use in Magnetic Resonance Imaging (MRI)
machines [147].
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Figure 2.28: The five sensing mechanics of human fingertips .

(b)
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Figure 2.29: Capacitive normal and sheer force sensor showing (a) single sensor and (b)
sensing array [148]].
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Sensor designs also include semiconductors, piezo electric and air cushioned
[151]]. Capacitive sensors (Figure 2.29) have been designed to allow compressive and shear
forces to be measured, potentially allowing for a single sensor to measure both grasping
and retraction force. Novel pressure sensing skins are being used to detect tissue damage
during surgery but are still at the prototype stage of developement [152]. Piezoelectric oxide
semiconductor field effect transistor device based tactile sensing is another alternative as
the designs can be small to give a higher resolution [153] [154]. One key focus of sensor
developers is to create a design which is compatible with the human body, therefore it needs
to be waterproof and flexible. Using Polydimethylsiloxane (PDMS), devices can be set in a
waterproof housing which also gives flexible design (Figure 2.30).

Figure 2.30: Flexible and stretchable tactile sensing array consisting of helical
electrodes embedded in PDMS [155]].

Soft compliant sensors are developed alongside compliant grasper designs for improved
manipulation and reduced forces [156, [157]. By using microfluidics, changes in the internal
pressure can be calibrated to give an external applied force. Designing the fluid channels in a
grid can also give a location of the applied force (Figure [2.31).

eGain-filled
Microchannel

PDMS Layers

Figure 2.31: Soft tactile sensing array with conductive microfluidic channels set in
PDMS [156].
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When developing the sensors, considerations need to be made as to how they can be
integrated with different laparoscopic tools (Figure 2.32)). Either the sensor is fabricated
independently of the tool, leaving the potentially difficult task of securing it later, or the
sensor is fabricated around the tool, ensuring the design will fit securely, although this method
means the sensor cannot be used with any other tool, and if the tool is damaged, the sensor is

rendered useless.

Figure 2.32: Pressure array sensor embedded in a laparoscopic grasper; the full
construction (top-left), a schematic showing the array location (top-right), and the scale
of the array (bottom) [9].
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Figure 2.33: Pressure Profiling Systems Inc. TactArray pressure sensor.

One other aspect of force profile sensors is the development of an appropriate output,

to indicate what is happening to the user. A number of companies have developed different
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sensors and means of displaying the data, typically user friendly graphical interfaces, although
the higher resolution and reliable devices come at increasingly higher costs.

A main focus of current research is around the types of forces present during surgery. A
survey into the application of force sensing in MIS compares the various current techniques
of force sensing in order to find the areas that are missing [158]]. The research suggests
that more research needs to be done into more accurate, non-electrical sensors. However
a large assumption is made by assuming the sensors are able to be inserted into the body.
While this may provide good data, it would be very difficult to pass the stringent health and
safety checks, such as those required when inserting electrical devices into the body. It is
also important to consider if the device is sterilizable, reusable and how the electronics are

protected.

2.4.2 Devices to Measure MIS In-vivo Task Parameters

In-vivo procedural parameters can highlight potential issues in surgical procedures and
training, however as well as the full 7 DOF of the applied forces, there is also internal friction

in the graspers, trocars and from nearby organs (Figure [2.34).

\R/ Internal friction
“\, of mechanism

Forces from
nearby organs

Figure 2.34: The typical forces present in MIS, occurring at the handle, trocar entry
site and tool-tip [22].

Research developments have allowed for multi DOF systems [159, [160], with force
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sensing robotic surgery proving popular due to the complete lack of force feedback when
compared to conventional laparoscopic surgery [161H164]], and bespoke designs to aid the
surgeon [68]]. Alternative information, other than force, can be passed back to the surgeon in
an aim to compensate for the lost sensory information [[165]], along with robotic force control,
which can limit the grasping force exerted by the surgeon [162]. Measuring surgical gestures
allows for the study of quantitative data for surgical performance [166], and to understand
expected forces in surgery to advise other aspects of research [167, [168]. The design of a
device to measure in-vivo surgical gesture measurements (BlueDRAGON) provides a deeper
insight into the technical aspects of different procedures (Figure 2.33)) [169]. It provides a 7
DOF design to measure typical surgical manipulation data, which has been used to compare
expert and novice surgeons, showing how expert surgeons are typically quicker at performing

tasks, and generally used lower forces when manipulating.

(b)

Figure 2.35: The Blue DRAGON system used to measure in-vivo surgery performance
parameters, highlighting (a) the integrated user set-up, and (b) the graphical user
interface [170].
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One focus of current research has been put on developing devices which will allow a
surgeon to palpate the tissue. This will allow them to distinguish between healthy and
diseased tissue during MIS. Neural networks were used to process the information from the
sensors [[171]. The device can be ‘taught’ what would be considered normal and what could
be cancerous. This is a small step towards a fully automated system, and an idea which has
recieved mixed opinions. It has also been investigated where the neural network uses visual
and kinaesthetic information to perform tasks [172]]. Initial designs of a palpation instrument
showed that issues may arise when it is integrated with a laparoscopic tool, when considering
size and usability [173]. A laparoscopic tool was developed to detect objects of different
dimensions and stiffness. The design worked well but difficulties would arise in a practical
situation when it needs to be sterilized [[174]]. A typical in-vivo grasping profile (Figure [2.36)
showed peak forces of less than 25 N (measured at the handle) when running the bowel, but it
is difficult to determine tissue characteristics from this data as the tissue relaxation is ‘hidden’
by the potential vibrations from the surgeon’s hand.
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Figure 2.36: A typical in-vivo grasping profile when running the bowel for an
instrumented tool (left hand) measured at the handle [175].

In tele-operated surgery there is no haptic feedback at all, therefore the right data needs to
be sent to the user to prevent confusion, i.e. the forces received need to seem as natural to the
surgeon as possible as they may not be able to quantify the magnitude of force by vision alone

[176]. To allow a surgeon to palpate the tissue, algorithms have been developed from finite
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element tissue models to ensure that detection of diseased tissue can be successful even deep
inside the tissue [177]. The use of tele-operated systems can prove useful [178]], but with
force feedback the system needs to be thoroughly tested to ensure that it does not become
unstable. It may be undesirable to output too great of a force to the surgeon. Researchers are
focussing more on the ability to analyse all the DOF during surgery [161, [179]. This ensures
that all aspects of the surgery are understood [180]. By using motion tracking through image

processing, the optimal positioning of tools can be monitored [181]].

2.4.3 Devices for Determining Tissue Characteristics

As discussed previously (section [2.3.2)), the measurement of tissue characteristics can be
useful for detecting anomalies in samples, from tumours to ruptured tissue. Ex-vivo test rigs
have the disadvantage of not analysing living tissue. By instrumenting surgical tools, in-vivo
tissue properties can be investigated. One such device is the Motorized Endoscopic Grasper
(MEG) [182, [183]]. Other devices have aimed to characterise tissue [184], and analyse an

object’s stiffness [[185]], by using sensors designed to measure soft tissue response attached to

laparoscopic tools [111, [186].

Partial Ball Joint
Cable Pulley

Tensioner
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Sensor

Motor and Encoder
(Handle)

Figure 2.37: The instrumentation of the MEG used to measure in-vivo tissue response
183].

An MRI compatible loading device allows for tissue response analysis combined with
response readings from the MRI scanner . This is covered again , by looking
at how to model MIS using the same model as before. Thirty surgeons were monitored as

they tied an intercorporal knot. This data was then used in the Markov model to attempt
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to produce the learning curve of the surgeons. The model is, however, unable to show the
cognitive process of the surgery, but was able to output a similar learning curve to that of the
surgeons performance. The BlueDRAGON, a device which measures the various forces that
are seen during MIS, highlighted a maximum applied force of 68.17 N [[173]. By testing on a
selection of surgeons a comparison between left and right handed techniques could be made,
showing no real difference, [175]. Similarly a system was developed which monitors
the force and position of the laparoscopic tools, allowing for postoperative data analysis to

take place, and provides a more detailed analysis of how surgery is performed [[188].

2.4.4 Tactile Feedback Transducers

In order to give the surgeon the perception of palpation, various tactile transducers have
been developed [9]]. A typical transducer uses pins or rods embedded in a surface which move
in and out to generate the desired surface profile [189], typically controlled by
electro-magnetic coils [190]], radio-controlled servomotors [191], or SMA actuators
[193]]. Other methods include varying the vibrating frequency to create a polarity effect [194]].
By tuning the frequency of a plate, varying tactile sensations can be generated [195H197]].
The current main area of focus for tactile transducer design is on making designs compact to
fit inside commonly used surgical tools, and not add significant weight [9,[198]]. Another need
for the compact designs is to increase the resolution of the devices, improving the quality and

amount of information which can be transferred to the surgeon (Figure [2.38).

Figure 2.38: Actuator driven pins set in a tactile display [198] .

Other designs use comformable materials to fit against the surgeons skin, reducing the
liklihood that an output will be missed (Figure [2.39).
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Figure 2.39: Pneumatic actuated balloon tactile display .

Readily available devices have been made which can give a resistive force in multi DOF
[200]. Current devices are still either too large or do not have a high enough resolution to
provide reliable information. Investigations have also highlighted that the user needs to prefer
haptic feedback, as it could negatively affect their performance otherwise [201]]. Further
investigation is needed to understand how this type of tactile feedback is interpreted by the

surgeon.

2.4.5 MIS Tissue Palpation Devices

Haptic feedback has been shown to help the surgeon understand the forces being applied
in surgery [202, 203]. Tools have been made using a combination of both sensors and
feedback transducers to give the surgeon the ability to virtually palpate tissue 205]].
These are usually integrated into commonly used tools, to make them more user friendly
[206]. Also by incorporating the ability to palpate, tele-operated surgeries can greatly benefit
from this [207]]. By accurately varying the amount of force applied to the tissue, procedures
can be completed quickly and cleanly as the amount of slip is reduced 209]. It has
also been shown that robotic palpation set-ups do not require as great an indentation as a
human might use when detecting an anomaly [210]. By measuring the force and position, the
surgeon will have a greater understanding of what is happening at the grasper/tissue interface
[22]]. The multi DOF system sends an output to the surgeon via a computer interface.

To make a device as generic as possible, a new grasper handle was developed for use
on laparoscopic tools [[61]]. This allows for the measurements and feedback to be performed,
and makes it easier to integrate with current devices in future testing. The novel design which
differs from conventional laparoscopic tools has been implemented [68, 211, 212]]. It uses an
SMA actuator and a new grasper design to measure forces on the tissue. The suggested use
would be as an end-effector on a micro-instrument to provide haptic feedback. The unique
design of the device allows the user to grasp and feel the object of interest without inducing
damage through pinching.

Similarly laparoscopic tools with increased DOF have been designed [79]]. These allow
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the surgeon to grasp and manipulate the tissue in a much more natural way, by mimicking
the natural motion of a surgeon’s wrist while still providing force feedback [213}214]]. The
silicone-based balloon actuators apply a relative force, as measured via a force array sensor, to
the surgeons hand [[199]. Devices such as this show an improvement in identifying material
stifftness but still needs refining [113]. When converting the force from the sensors to the
tactile output there should be considerations for the magnitude and whether this relation is
linear or not [60, [215]].

Considerations need to be made for the type of task which will be carried out. Typically
the tool handles are integrated with the tactile outputs to show the grasping forces currently
being applied [216]. However further advancements have allowed tasks such as the application
of pressure, lateral motion and a combination of these to be detected for different materials
[217]]. Investigations have shown that it must be a requirement of the surgeon to have force
feedback, otherwise there is risk of added complexity and confusion, possibly hindering
them [218]. To accompany the palpation devices, inclusion detection algorithms can be
implemented to further aid the surgeons manipulation motions [219]. Using a neuro-fuzzy
regulator, a grasping device with active control has been developed, which learns the minimum
stresses which need to be applied to tissue to prevent it slipping, but which also allows for
efficient grasping control [220]. A novel alternative to current palpation devices would be to
use an external device which magnetically controls an opposing sensor, varying the magnetic
field and measuring the force response of the tissue allowing for wireless palpation [221} 222]].

Advancements in the design of new MIS devices has lead to improved sensing,
manipulation and output of in-vivo grasping tasks, with miniaturisation and ergonomics
driving the research. These new developments still currently require a steep learning process
by the surgeon, and can be difficult to interpret the data effectively. By understanding
the learning process and methods used, future developments can hope to build on this and

incorporate this into designs.

2.4.6 MIS Training Techniques

To try and prevent excessive damage occurring, surgeons can be given extra training under
a simulated laparoscopic surgery situation (Figure [2.40). This can include a VR simulation
where a computer model of tissue is generated via a computer screen, and handles controlled
by the surgeon are monitored by the computer program which controls the VR tools on screen
[223]]. The benefits of this are the ability to practice on lifelike situations and to highlight any
problem the surgeon may encounter in actual surgery, without the risk. However there are
also disadvantages. Due to the fact that the scenarios are computer generated, the response is
an approximation and will not accurately reflect real surgery, and would be difficult to model

every scenario encountered in an actual surgery.
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Figure 2.40: VR training simulator, highlighting (a) user stations set-up, (b-c) VR
display of different training tasks .

Figure 2.41: A MIS trainer device used to simulate in-vivo procedures and measure
manipulation parameters [24].
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Another outcome of force measurements during surgery is the ability to analyse the skill
of the surgeon. Using a discrete Markov model, a surgeon’s skill level has been assessed
[225]]. This is beneficial to surgeons as there is a very grey area on how best to teach surgery.
Some believe that by simply observing an expert, the skills can be transferred. However
others believe that in order to truly learn something, hands on experience is essential, if
somewhat impractical, making laparoscopic trainers vital to surgical learning (Figure [2.41).
By analysing these two methods the most suitable way of learning can be found [225]]. The
model still requires initial input by the expert surgeons in order to give a scale of expertise
and this still requires a level of human judgement.

When designing devices which provide grasping feedback, considerations need to be
made for the force propagation through the tools and how this can be modelled to ensure
an accurate representation [223]]. Previously developed palpation devices can also be used as
a method of skills assessment, but require prior knowledge as to what is considered good or
bad [226]]. The role of tactile feedback in laparoscopic surgery training is to give the surgeon
a better understanding when identifying tissue characteristics in order to increase the rate of
learning [227]]. New methods of laparoscopic training use high quality embalmed cadavers,
with particular areas of interest permanently coloured, allowing for a more accurate model
over animals, and clear distinction in areas of interest [228]]. An alternative to this is to have
a physical set-up with artificial tissue, to still allow for the task skills to be acquired, although

issues such as tissue damage will not be accurately shown (Figure [2.42)).

Figure 2.42: MIS artificial colon training device, showing external view of device (left),
and internal views through a colonoscope (right) [229] .

Typical state-of-the-art trainers look at the force and motion characteristics of the trainee
when compared to an expert [230, 231]. Different tasks can be assessed using different
training setups such as a box trainer for generic MIS 233], a palpation simulatior [234]],
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and a NOTES simulator [235]. There have been investigations into the learning curve of
surgeons, and how quickly their particular skills can improve depending on the teaching
method [236,237]]. Traditional methods involve simply watching an expert perform the tasks,
but it has been shown that performing these skills themselves can improve the learning curve
by increasing muscle memory. VR systems are becoming increasingly popular [224, [229],
although more still needs to be understood about human perception of VR and how this
compares to real surgery [238]].

By incorporating the tissue properties into simulations, VR can be used as a diagnostic
aid. One such example has allowed a virtual colon model, created from a CT scan, to
be virtually ‘unfolded’ with the aim of highlighting significantly sized polyps (>3 mm).
This would allow future operations to be planned out thoroughly beforehand. However the
methods are not perfect and the final result is still just an approximation, with higher
accuracies being developed using advancing mathematical analysis [239]].

Advances in MIS devices and training techniques are under constant development and
improvement, with issues such a functionality as the main focus, so that these solutions can

be implemented effectively.

2.5 Summary of Literature Review

The number of research papers that have been published on the topic of MIS shows a
steady increase from 1990 to 2008, and again from 2009, with a steep jump between 2008
and 2009 (Figure [2.43).

This sharp rise can be attributed to the increasing popularity of the da Vinci® robot among
surgeons in the three years leading up to 2008 (Figure[2.2)), and its increased use in ever more
complex procedures during this time [25]. With MIS becoming increasingly popular, it has
become vital that the tools and techniques used are improved to help the surgeon perform
tasks as efficiently as possible. Numerous areas are being researched to provide as much
information to the surgeon while reducing the number of difficulties experienced during
procedures. However there is much debate over how the surgery should be performed and
exactly what will benefit the surgeon. With the benefits of MIS making it more appealing,
more pressure is being placed on surgeons to perform more difficult tasks and at a higher
standard. With an ever increasing range of laparoscopic tools becoming available, it has
become more difficult to understand exactly what the most suitable options for particular
surgical scenarios are. This usually falls down to the surgeon’s particular preference and
previous experience. Because these tools are attempting to replicate the many functions of
the human hand, little is known about what the particular disadvantages associated with them
are. The current models incorporate a very general description of the graspers, and even

though there is currently a lot of research being done into the tool-tip forces present, it is still
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very difficult to get a full understanding of the forces present.
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Figure 2.43: Number of publications on the topic of MIS per year from 1990 to 2013
(Web Of Science).

By observing the effect that laparoscopic surgery has on tissue, researchers are looking
at new methods of optimising tools. VR simulations are becoming increasingly accurate
to provide safe yet effective methods of teaching new surgeons the techniques needed to
perform in the operating room. Research is being carried out to try and quantify the tissue
properties; a task which has proved very difficult given the non-homogeneous structure of
tissue and its sometimes unpredictable nature. Because MIS is a relatively new technique,
there is a large amount of new technology being developed to try and aid the surgeon. These
range from sensors which provide a detailed map of force distribution, to tactile displays
integrated into laparoscopic tools, which attempt to provide some degree of haptic feedback
to the surgeon which is otherwise lost through MIS. Laparoscopic tools are being developed
and tested which have been instrumented with this new technology. With such a vast amount
of choice available, lots of work must be put into working out exactly which devices will
benefit the surgeon. Many of these new devices require a large amount of knowledge on the

forces and DOF necessary to perform the various MIS tasks.
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2.6 The Gaps in Knowledge

By conducting this literature review, it is apparent that there are a number of areas in the
research which have yet to be investigated.

While work has been carried out to identify the forces transmitted through laparoscopic
grasper mechanisms to the tip, there is still need for a generic method of determining this
relationship for any sized grasper. This could then be used by manufacturers to understand
the implications of varying the geometry. There is currently no obvious standard for tool
development, as the design process is subject to the surgeon’s requirements, and is often based
on functionality, rather than typical engineering standards, such as efficiency, transmitted
force, linearity, pressure grasping profile, etc. By providing the surgeon with a number of set
parameters to describe the grasper design, a more informed choice could be made, potentially
improving surgical performance and efficiency, and reducing the amount of unnecessary
tissue damage, as each tool would be more suited to the task.

Current designs of instrumented grasper are typically ‘single use’ as the design is integral
to the grasper. An instrumented grasper design with reusable sensors would allow for reliable
comparison between laparoscopic grasper designs and replacement of the grasper or handle,
should they become damaged. Current research has shown that instrumented surgical graspers
can reliably give comparative data on the performance of a skilled surgeon to that of a novice.
However this data does not highlight to the surgeon how the tissue is responding, and if indeed
damage has been caused. Also the designs can be quite restrictive and large, particularly
those with high DOF measurements, leading to a difficulty in crossing over to full clinical
use. The development of a modular design, to correspond to the grasper modules, could
allow for future clinical use without hindering the surgeron. Current surgical training devices
also provide comparative data between individual users, but do not indicate the effect of the
surgeons grasp.

A number of tissue rigs have been developed to investigate different parameters involved
during laparoscopic surgery. These include rigs to investigate how, by varying the surface
geometry of laparoscopic graspers, the grasping and retraction efficiency may change.
Another looked to measure the forces required to perforate the tissue samples, and an
indentation rig was used to apply known forces to the tissue, using an ‘idealised’ surface,
to observe the how the tissue might respond. These designs have yet to incorporate actual
surgical tools, which would give closer representation to actual in-vivo surgery and allow for
typical in-vivo scenarios to be ‘simulated’. This would allow for a more direct comparison
between in-vivo and ex-vivo results.

Current methods of measuring damage to tissue samples all require post analysis, either
by taking samples for histological analysis, or blood samples to observe changes in particular

chemicals. The closest method currently to ‘real-time’ analysis observed the development of
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bruises in-vivo, but this still requires time for the bruise to appear. By developing a method
to determine damage immediately, the surgeon can act if necessary, reducing the likelihood
for repeat procedures and improve survival rates.

The most widely used methods of surgical training are subjectively compared to that of
an expert surgeon. While the expert may be able to perform tasks more efficiently, it is a
combination of factors, such as time or grasping force, which may affect the results. Also
even though the expert has had more experience than the trainee, the data will not show if they
are grasping too hard, or even moving too fast. An improved method of training is needed
which does not use an expert as a baseline, and also gives a grading of success rather than a
simple pass or fail, i.e. even though the trainee may complete the task in the allotted time,
showing how efficiently this was done would improve the learning rate.

There has not been an investigation of how the mechanical properties of tissue are affected
when damage is induced. Current research shows how the tissue responds to relatively low
forces, but does not consider how the tissue may respond differently after being damaged.
Similarly tissue response modelling is typically performed using an ‘ideal’ surface, so there
is difficulty when comparing to in-vivo scenarios. By performing indentation tests on tissue
using conventional grasper jaw surfaces, and inducing damage in the tissue, a greater
understanding of the tissue mechanics and in-vivo tissue damage can be found.

This project therefore is essential to current laparoscopic techniques to try and reduce
the amount of damaged caused, thus reducing one disadvantage of MIS. Current state of
the art in new ergonomic grasper designs are still in the development stages, therefore this
project should provide a solution to the current devices and also ensure that future designs

will perform well.
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Chapter 3

Design, Development, and Testing of the

Instrumented Grasper

3.1 Introduction

During Minimally Invasive Surgery (MIS) procedures it can often be difficult for the
surgeon to palpate organs and determine the magnitude of forces which are applied at the
tissue-tool interface due to the limited haptic feedback which propagates through the device.
This can often lead to excessive forces being exerted on the tissue, potentially causing damage.
From the literature investigation (section [2.4), there are a number of instrumented graspers
which have been designed, or are still currently under development, to provide surgeons
with numerical information, such as forces, torques, and displacements, relating to surgical
manipulation tasks. These devices can be categorised into those which measure the multiple
Degrees Of Freedom (DOF) of the grasper movements for various grasping tasks
(BlueDRAGON) [[175,181], and those which attempt to determine tissue characteristics for
different organs and if they are healthy or diseased [88, 176l]. However to fully understand
how and to what degree tissue trauma is generated, before complexity can be added, a greater
understanding is needed of how each individual parameter contributes to the overall task
performance in typical MIS. The instrumented grasper presented in this work focusses solely
on the grasping forces of organ manipulation tasks in MIS, with the development of a reliable
system for measuring this, as this is the primary DOF of a laparoscopic grasper with all

subsequent DOF relying on this.

3.2 Instrumented Grasper Design Specification

To aid in the design development, a specification for the instrumented grasper was

established from the literature review, as follows:

1. The grasper instrumentation should measure the grasping force exerted over time (in

real-time).

2. The instrumented grasper should be capable of measuring shaft forces up to 100 N, as

this is greater that those demonstrated in previous research (68.17 N [[175]).
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. The grasper and handle should be interchangeable to allow for future investigations of

varying grasper designs, and to allow for damaged parts to be replaced.

. The design should not impede movement through the trocar ports.

. It should be easy to attach and remove, reducing potential impact on the time spent in

the Operating Room (OR).

. There should be little or no customisation required of the grasper or handle.

. A computerised system should record the force, position, and time data for post-analysis

of measurements.

. The design should not affect the usability or grasper functionality.

The instrumentation should be housed/sealed to prevent unwanted external interference

of Sensors, incorrect measurements, or damage to components.

The device should be passive, i.e. if there is catastrophic damage to device (including

the power supply), normal grasping function should still be possible.

3.3 Sensor Location Considerations

A reusable fenestrated atraumatic laparoscopic grasper, of length 305 mm and diameter

5 mm, with a horizontal handle (101-48020 and 101-41000 respectively, Surgical Innovations

Ltd.) was selected as the base of the instrumented grasper (Figure [3.1), as this design is

typical of the type used in MIS and the interchangeable parts allow for easy assembly and

replacement. The non-ratcheting handle design was used to ensure that the surgeon has full

control over the applied force and when it is released.

Logic™ Fenestrated Grasper

Logic™ Reusable Horizontal Handle

Figure 3.1: Surgical Innovations Ltd. Logic™(2010) fenestrated grasper full assembly
(long fenestrated grasper and ratcheted horizontal handle shown).
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Three options were considered regarding the location of the sensors which would require
the minimum amount of customisation of the grasper. As highlighted in the literature review
(section [2.4.4), recent developments in force array sensors have allowed for increasingly
smaller pressure profile devices to be manufactured. However these still only have a relatively
low resolution, around 2 mm? pixel area, which is larger than the grasper fenestration spacing
(Figure of less than 1 mm, and of a similar scale as typical tissue features (3 - 5 mm)
[239], meaning the data would be averaged across the elements. The sensors would also
change the grasper surface chemistry and functionality, and as the instrumented grasper aimed
to simulate as close as possible to typical MIS, changes to the tissue-tool interface would
greatly impede this. Finally this location would require the sensors to be placed inside the
patient with wiring passed through the trocars, increasing the risk of infection and creating

extra friction in the ports.

(a) (b)

Figure 3.2: Surgical Innovations Ltd. (2010) selected design of (a) the fenestrated
atraumatic grasper, and (b) the horizontal handle without ratchet.

One alternative was to mount sensors on the handle, (Figure |3.2b)), removing the need to
insert electronic devices into the patient and maintaining the grasper surface. However the
handle has a sizeable degree of backlash in the mechanisms which even though comparatively
small considering the expected force measurements (68.17 N [175]), would result in an
unknown degree of error in the data readings. Measuring the forces applied to the handle
would be relatively simple, but finding a reliably accurate method of determining the the

position of the handle would be difficult to measure without it becoming cumbersome.

The final choice was to locate the sensors at the connection between the handle and
grasper linkage, where the cone nut is located (Figure [3.3)). This removes the need to insert
sensors into the patient, while still allowing for accurate readings to be taken relative to the
expected grasping forces [[175]. This would also not limit the normal insertion depth of the

tool during surgery as the outer shaft and cone nut would remain unaltered.
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Uil Connector

(a) (b)

Figure 3.3: The CAD of the grasper components, showing (a) the handle connector with
threaded element, and (b) cone nut inner and outer shaft set-up.

The handle section (Figure highlights the modular design of the grasper. As the
handle is actuated by a user, this movement is transferred into linear motion of the connector,
and by inserting the end of the inner shaft (Figure [3.3b) into the connector’s slot, this motion
continues down the full length of the grasper. This then controls the opening and closing of
the grasper jaws. By extending the inner shaft, with respect to the outer shaft, the grasper

jaws open (Figure [3.4a), and when retracting, the jaws are closed and the force increases

(Figure [3.4D).

—>|

(a) (b)

Figure 3.4: CAD of the grasper scissor mechanism, highlighting (a) a linear extension
to open the grasper jaws, and (b) a retraction to close and apply force.

To understand the forces at the tissue-tool interface, the relationship between the inner
shaft force and the tool-tip force needed to be found for this configuration. This needed to
consider the angle of the jaw when the force was being applied so it could be understood if
this had an effect on the magnitude of force transmitted to the tip. If this was found to be
true, then the instrumented module would also need to measure the displacement of the inner

shaft and how this varied over the duration of the grasp.



3.4. MATHEMATICAL MODELLING OF SCISSOR LINKAGE MECHANISM 53

3.4 Mathematical Modelling of Scissor Linkage Mechanism

To understand the relationship between the tool-tip force and the measured force along
the grasper’s inner shaft, the kinematic relation was investigated. The resulting mathematical
model indicates how the variation in the jaw angle affects the magnitude of force transmitted
from the shaft to the tip, thus advising the design of the grasper instrumentation. This also
allows for an easier comparison of grasping forces with other research data [59]. The model
is suitable for any grasper geometry with a scissor linkage, differing from previous work
which limits the variation in grasper geometries to linkage ratios instead of actual lengths
[65]. The handle is not included as the instrumented grasper measurements are taken from
the linkage, and also due to the various handle designs available, the model would become
less generalised and be susceptible to more error [176]].

3.4.1 Free Body Diagram and Assumptions

To simplify the model, several assumptions were made about the system. It was assumed
that the system would be static, to allow the model to be derived. This also relates to how a
surgeon may typically grasp and hold tissue. The grasper mechanism design is symmetrical
therefore it was assumed that the grasping force is equally distributed, i.e. halved, along each
jaw linkage. Also any friction at the joints, pivots and between the inner and outer shaft
was considered to be negligible when compared to the expected grasping forces in this work
(from the literature review 68.17 N was found to be the maximum grasping force via the
linkage [[175]). Similarly the mass of the linkages were assumed to be negligible in relation
to the applied forces and motions expected in this project (due to the potential unknown
orientation of the grasper, the effect of gravity on its linkages cannot be determined). Finally
due to the difficulties in determining how the force is distributed across the grasped area,
especially when considering tissue, the force will be calculated to act perpendicular to the
jaw tip, providing a consistent point of reference and making the work comparable to other
research data [88]].

Firstly a Free Body Diagram (FBD) was created from the original grasper mechanism,
with the linkages and central pivot (Figure [3.54). In the FBD (Figure only the lengths
and connections of the linkages were required. By assuming the system is symmetrical (the
linkages are identical on each side), only one side of the scissor mechanism needed to be

modelled which will be used in the final model derivation (Figure 3.5¢)).
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Fr

(b) (c)

Figure 3.5: MIS grasper with fixed pivot (highlighted in red), showing (a) the scissor
linkage mechanism, (b) a FBD highlighting input shaft force, F;n, and output jaw tip
forces,Fr, and (c¢) a half FBD including line of symmetry.

3.4.2 Force Propagation Model Derivation

Using the FBD of the grasper mechanism, the resultant forces on the individual linkages
were added, along with the linkage lengths [, A, and B (Figure [3.6a). It was noted that the
force acting upon each linkage would be comprised of two components in the x and y axis,
which act along the linkage and perpendicular to it, respectively. However it was assumed
that the force acting along linkage A, F4x, would not contribute to any applied tip force or
motion, due to the pivot, P, restricting it. Also the perpendicular force acting on linkage
B, Fgy, would not contribute to the transmitted force or motion as this is restricted by the
constraints on linkage L, which may only move in a single DOF.

The FBD was therefore simplified to only include the contributing force components, and
the terms were simplified to F4 and Fz, which act on linkage A and B through angles o4
and o, respectively (Figure [3.6b).

After halving the input force F7y, the force acting along link B could be calculated as,
1
FB = 5 X COS@BF[N (31)
Using Fp as the applied force to linkage A, the component force can be found,
Fy = Fpcosay 3.2)

Therefore,

1
Fy= EcosozAcosozBFlN (3.3)
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Fmv
(a) (b)

Figure 3.6: FBD of half grasper with pivot, P, input force, F7n, and tip force, Fr,
showing (a) force components acting on indiviual linkages, with non-contributing force
components shown as dashed lines, and (b) resulting FBD showing only contributing
force components.

Finally by taking moments about the pivot P, the final force [r can be determined for the
half jaw model. This is achieved by equating the sum of moments about the pivot to 0, due

to the assumption of a static system.

EProment = AF4 —1;Fp =0 (3.4)
Rearranging gives,
A A
Fr=—F, = —cosacosapFry 3.5
l; 2l;

This equation now allows the tip force, F, to be calculated from the input force, Fy.

However the values of a4 and g still need to be determined.
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3.4.3 Jaw Angle Model Derivation

The relation between the input force, £y, and the tangential tip force, F, for each jaw,
is still dependent on the internal angles a4 and ap (Equation [3.3). Also the mathematical
model requires the relationship between the linkage displacement and the jaw angle. The
linkage displacement, A, and jaw angle, ¢, were included in the FBD (Figure [3.7a). Also

the jaw offset, 0, was included as the jaw and linkage A are not parallel.

(a) (b)

Figure 3.7: The half grasper FBD, showing (a) the grasper geometry, with internal
triangle highlighted (green), and (b) the internal triangle parameters.

The internal geometry of the grasper linkages were then added (Figure [3.7b). This
includes the angle, -, between linkage A and B, the initial displacement offset (minimum
value), Ly, the top angle, «, and the distance between the linkage joint and vertical, d. To

determine these parameters, the cosine rule (Equation [3.10) was used.

a® = b* + & — 2bccos(A) (3.6)
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Using the FBD triangle parameters (Figure [3.7b)), the cosine equation was rewritten to

determine «,
B? = A? + (AL + Ly)* — 2A(AL + Lo) cos(a) (3.7)

Rearranging gives « in terms of the grasper geometry,

—1(p2 _ A2 _ 2
o = 8 (B* — A* — (AL + Ly)?) 38)
—2A(AL + L)

The internal angle o can now be determined from the known grasper geometry, and taking

the angle offset 6 of the jaw into consideration, the jaw angle § can be shown in terms of
the grasper geometry,
0=a— 90 (39)

Rewriting this gives,

cos H(B? — A% — (A + Ly)?)
—2A(A L + L)

It is now possible to determine § from Ay, but the internal angles o4 and ap, are still needed

for the force model (Equation [3.5). Using the FBD triangle (Figure ap can be found,

ag = sin ! (%) (3.1

0 — b, (3.10)

Where the length of d can be shown as,

d = Asina (3.12)
Combining these equations gives,
Asi
ap = sin™! ( 5;”0‘) (3.13)

Again by observing the FBD internal geometry, a4 can be found,

ay =90 —v (3.14)

Where ~ can be shown as,

(3.15)

Asi
7= (90— a)+ (90 — ap) = 180 — o — sin”" ( sgna)

Therefore o4 can be shown as,

e
aa = o+ sin~! ( Sé"a) — 90 (3.16)
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These equations for the internal grasper angles, o4 (Equation|3.16)) and . (Equation [3.13)),
were then fed back into the original equation (Equation to complete the mathematical

model of the grasper’s scissor linkage.

Fr= —
T cos 2A(Ar + Lo)

2Azj ((cosl(32 A2 (Ap+ L0)2)) B

Asin (cos*1 (B2—A%2—(Ap+Lo)?) >

.1 —2A(Ap+Lo)
o —90
+ sin B
. cos 1 (B2—A2—(Ar+Lo)?)
[ Asin (=GR
..cos | sin Frn (3.17)

B

Where F' is the resulting tip force output, the constants are A which is the length of linkage
A, B is the length of linkage B, [; is the length of the grasper jaw, Ly is the initial value of
the linkage displacement, and the variables are A\ which is the displacement of the linkage,

and F7y is the input force.

3.4.4 Modelling Results for the Specific Grasper Geometry

The mathematical grasper model allows the tip force and angle to be determined from
the input force and internal linkage displacement. Using MATLAB (v.2011), a script was
written to implement the previous model equations. The dimensions for the short fenestrated
grasper were measured using Computer Aided Design (CAD) software (SolidWorks 2011)

(Figure [3.8b)).
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(b)

Figure 3.8: CAD of grasper measurements showing (a) jaw length, angle offset and
minimum displacement, and (b) lengths of scissor linkages ¢ and » and maximum
displacement.

Parameter Symbol Value

Jaw length l; 18.620 mm
Linkage zero disp. Ly 3.750 mm

Jaw offset angle fo 21.80°

Linkage ‘A’ length A 3.770 mm
Linkage ‘B’ length B 3.200 mm
Linkage disp. Ap 0-2.650 mm

max disp (6.400 mm) - L

Table 3.1: Measured characteristics of the laparoscopic grasper scissor mechanism.
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The values of ¢ were calculated for the measured range of Ay, and from this a4 and
ap were determined. The relation between A, and € is shown in Figure [3.9a) showing a

non-linear relation between the linkage displacement and the jaw angle.
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Figure 3.9: Grasper jaw kinematics showing (a) the relation between linkage
displacement and jaw angle, (b) the relation between jaw angle and the percentage of
force transmitted to each jaw tip.

Finally, the values of a4 and o were used in the force equation (Equation , and the
input force, F, and resulting tip force, F;r, were used to determine the percentage of force,

F%, transmitted over the displacement range (Figure [3.9b)), using the equation,

F
F% ==L % 100 (3.18)
Fy,

From the model results, it can be seen that there is an optimum point of force transmission
for a jaw angle of 8.68 ° (linkage displacement of 2.06 mm), and that the percentage of
force transmitted along the mechanism varies between 4.04% and 7.48% over the range of
possible jaw opening angles. By normalizing the force transmission percentage, it can be
seen that the transmitted force can vary by 54%, showing that it is vital that the displacement
of the linkage is also measured to ensure valid tip force conversions. To summarise, the
mathematical model allows for force readings from the inner grasper shaft, to be converted to
a tangential tool-tip estimation. However the model also shows that the linkage displacement
is required in determining the tool-tip force, therefore this will need to be incorporated into
the grasper instrumentation. Further investigations may also need to take into consideration
the fact that there is a distributed pressure over the grasped surface instead of a point force,
however the current model still allows for comparison between different grasps, assuming

similar grasping conditions.
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3.5 Grasper Model Validation

The grasper mechanical model was validated to ensure that the linkage measurements
were reliably converted to the tip forces for all possible jaw angles. Two methods of validation
were considered. A force/pressure sensor could be placed between the grasper jaws during
a grasp for varying force targets, while the linkage force was monitored. For the second
method of validation, weights could be applied to the jaw to simulate a grasping force. The
jaws could then be moved through the full range of motion, and the propagated force would
be measured via the shaft loadcell. For either method, the jaw angle will also need to be

determined.

3.5.1 Angle Validation

Reference

- ) —>
Displacement : Displacanmt:
1

(@) (b)

Figure 3.10: CAD of grasper jaws used for the angle validation, showing the reference
point and centre axis for (a) closed jaws, and (b) open jaws.

To validate the angle model the CAD of the grasper jaws was used, by measuring the
linkage displacement compared to the jaw angle. This would ensure there is no error in
the measurements as it will use an idealised system. The linkage was moved through 57
displacements to five approximate 0.5 degrees increments, then the actual displacement and
jaw angle was measured (Figure [3.10). The displacement of the linkage was measure from a

stationary reference point.

The measured results follow the predicted values from the model showing that the model

can be used to reliably determine the jaw angle from the linkage displacement (Figure [3.TT).
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Figure 3.11: Graph of the angle validation measured results (black), and model (red).

The ideal model validated the mathematics but not the realities of the physical system. To
account for any potential error in the physical mechanism (linkages or joints), the backlash
in the grasper mechanism was measured at 0.13 mm (up to a maximum of 0.95 degrees),
resulting in a potential error of £2.45 %. This was achieved by securing the actual grasper
jaws together, then moving the actuator rod back and forth while logging the force. The range

of motion was recorded where the force remained at zero (Figure [3.12).

Reference Point
1
1
Force i = : .
Measurements ! =
«I 4 Restricted
Q ‘ Motion

r
h—

Displacement |

Figure 3.12: Mechanism backlash measurements set-up, showing the secured jaws and
direction of motion (CAD shown for clarification).

3.5.2 Force Transmission Validation

To validate the force propagation model, weights were suspended from the grasper tips.
This method would require the applied tip force to be normalised using trigonometry, to
determine the tangential tip force. This method requires two 100 g weights suspended via
a pulley at each side using lightweight thread (Figure [3.13). As the model was developed

for a static system, any friction introduced from the pulleys would be kept to a minimum.
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Measurements were taken over 11 positions, up and down for 3 repeats. During loading
and unloading, the force was monitored and logged through a linkage loadcell (LCM703-25,
Omegadyne Inc.) placed in series with the linkage, and the jaw angle was calculated using

the previously validated angle model.

Grasper Jaws

™\

< Lightweight
Thread

Inner

< Shaft
Weight Weight

Linkage
Displacement

Figure 3.13: The force validation set-up showing the suspended weights via the pulleys
with the loadcell and displacement measurements.

The tangential tip force was calculated, assuming an ideal pulley system i.e. no force is
lost from friction (internal bearings in the pulley make this possible). Assuming the system
is also symmetrical, one side of the system was observed, simplifying the overall model. The
force acting on the tip from the applied weight, £y, would have two components, one acting
along the jaw, Frx, and the second acting perpendicular to the jaw, Fry, (Figure[3.14a). It
has been assumed that the longitudinal force, Frx, does not cause the grasper jaw to move,
due to the fixed pivot, P, and therefore only the perpendicular force, F7ry, was calculated
(for clarity the parameter term has been shortened to F7r). For a given jaw angle, 6, the
tangential force, F’r, was found as the component of the applied weight, Fyy, through the
angle [ (Figure [3.144) with the following equation,

Fr = Fycosp (3.19)
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From this FBD, additional parameters could be added to give the size and location of the
pulley relative to the grasper (Figure 3.14b).

z

(d)

Figure 3.14: The pulley system diagram used to determine the tangential tip force, Fr,
using (3, highlighting (a) the initial system showing the applied weight Fy;-, and (b) the
system with additional paramters, z and h, the pulley location and r, the pulley radius,
with (c¢) the highlighted trapezium used, and (d) the exaggerated trapezium model.

The trapezium that was formed (Figure was then used to determine the value of
B. The geometry of the trapezium has been exaggerated to clarify the internal angles and
dimensions (Figure . The parameters [}, 7, h, z, and Fyy are all known, and in the case
of 6, can be determined by the model. From this the trapezium was split into 2 triangles and

a square, and parameters were added to allow /3 to be calculated (Figure 3.15).
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V4

Figure 3.15: The trapezium model used to determine the tangential tip force, F7.

From this, using trigonometry, it can be seen that,

x = l;sind (3.20)
which then gives,
Yy=z—x (3.21)
Additionally,
h+r = lycost (3.22)
rearranging gives,
h
=2t (3.23)
cost
which then gives,
lo=10—-14 (3.24)
and,
w = lyc0s6 (3.25)

Using these parameters, the angle of 3, is found as,
Bo = tan™" (%) (3.26)
And finally the resulting angle, (3, is found using,
SoB=By+60-90 (3.27)

From this the applied weight via the pulley could be converted into a tangential tip force
using 3, for each value of 6, (Equation (Figure [3.164).

For each position the linkage force, F},, was logged (Figure[3.16b)), and used to determine
the magnitude of force which is transmitted through the grasper mechanism, F'%
(Equation |3.18])
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Figure 3.16: The validation results showing (a) the variation of the tangential tip force as
the jaw angle changes, (b) the measured linkage forces, and (c) the resultant transmitted
force through the grasper mechanism with measured data (black) and model (red), for
three repeats during loading.

These results were then plotted against predicted values from the model to compare
(Figure [3.16c).
3.5.3 Validation Conclusion

The results showed that the measurements collected from the grasper set-up show the

same trend as those calculated using the mathematical model, with an associated error of
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0.13 mm/0.95 degrees (+2.45%)for angle/displacement measurements, and +£0.41% absolute
variance in the force (up to +5.47% for the normalised variance) for the force readings. The
force transmission results and tip forces are of a similar magnitude to those predicted by the
model, therefore this was used to convert grasper linkage measurements to the jaw angle and
tip forces. These results have potential implications on the resulting tip forces for small angle
changes especially when the grasper is mostly open, however it is anticipated that the surgeon
would generally use the grasper over the higher efficiency range, lowering the potential error.
Also there would be implications for highly dynamic grasping but it is also expected that the

grasper jaws will remain stationary for the majority of the time.

3.6 Development of the Instrumented Grasper Prototype

3.6.1 Designing the Instrumentation Module

Grasper
Shaft

Handle

Figure 3.17: SolidWorks CAD of the first instrumented grasper prototype, highlighting
the location of instrumented module.

The first design of the instrumented grasper was created using SolidWorks (Figure [3.17)).
The sensors are mounted in a polycarbonate housing which is secured between the handle
and grasper linkage using M15x 1.5 threaded hollow connectors. An M15x1.5 thread is
used to secure both sections together while ensuring that the outer shaft of the grasper does

not move while in use. The instrumentation is fixed between these two sections using the
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same M15x 1.5 threads, while a bespoke, free moving linkage was placed inside to rejoin the
connector and inner shaft.

To measure the force along the inner shaft of the grasper, a miniature loadcell (dimensions
41x17x19 mm) with opposing M6 x 1.0 threaded holes has been used, to ensure the design is
compact and is also capable of high force readings. Two bespoke connectors are fixed to each
side of the loadcell to reconnect the handle to the inner shaft, which consist of an M6x1.0
threaded end to fit into the loadcell, and each one designed to match either the handle or shaft

connection (Figure (3.3)).

Shaft Shaft

To Handle Connlector Loadcell Connector Cone Nut

= T T

—

To Grasper
E—

H ||
L, .

Housing 1\ Housing
Potentiometer

Connector Connector

Figure 3.18: CAD (side view) of the first instrumented grasper module in-situ
highlighting the suspended loadcell and potetiometer sweeper arm fixture, the housing
connectors, and the inner shaft connectors.

To provide a simple and cost-effective method to measure the displacement of the inner
shaft, a linear potentiometer (length 30 mm and travel 20 mm) was chosen. The potentiometer
is fixed to the bottom of the housing and the loadcell is suspended between the handle and
inner shaft. The sweeper arm of the potentiometer slots into the loadcell connector at the
handle side (Figure to prevent any unwanted friction interfering with the forces being
measured by the loadcell. Wiring then passes from the housing to a Personal Computer (PC)
via a Universal Serial Bus (USB) Data Acquisition (DAQ) device (described in section[3.6.2).

The shaft and housing connectors have been manufactured from stainless steel to improve
rigidity when grasping and the housing connectors are secured into place using strips of
aluminium, allowing if necessary for the module to be disassembled.

There were also considerations to implement a wireless system however this was dismissed

for the following reasons:

e There would be a considerable amount of added weight from both the batteries and

loadcell amplifier.
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e The size of the housing would be much larger to incorporate this, along with extra

space for the prototyping wireless module/antenna.

e There would be a limited amount of time the instrumented grasper could be used before

the batteries were depleted.

e A tethered device would not add any extra restrictions as surgeons are trained to use

cauterizing devices which require tethering to a power supply.

3.6.2 Instrumented Grasper Hardware

Transducer to Wheel
be calibrated

Applied
Force

Fixed

Stand Stand
(a)
Instrumented
Grasper

Marked Intervals

(b)

Figure 3.19: Calibration set-up of (a) the loadcell (top view) showing a pre-calibrated
loadcell in series with the transducer to be calibrated along a threaded bar, and (b) the
potentiometer showing the measured output voltage and marked intervals.

To measure the tensional forces along the grasper’s inner shaft, the loadcell (LCM703-25,
Omegadyne Inc. (Appendix A)) was chosen and is capable of 250 N, with a linear relation
between the applied force and the output voltage. To amplify the loadcell output (2 mV/V), it
is connected to a transducer amplifier (DR7DC, RDP Electronics Ltd. (Appendix A)) which
uses a 15 V power supply and was adjusted to give a bridge supply of 10 V and an output
of 0 - 10 V for a force of approximately 0 - 150 N. A calibration rig (see Figure [3.19a) with
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a force accuracy of +0.05 N was used to determine the force/voltage relation equation of
the loadcell. As the wheel was rotated clockwise, the threaded bar was placed under tension
simultaneously increasing the force applied across each loadcell.

The output voltage from the loadcell was plotted against the pre-calibrated force reading
for three sweeps up and down the force range (0 - 150 N) (Figure [3.19b). The sweeps were
split into approximately 15x 10 N increments, with the exact force and voltage readings taken
each time. A line fit equation was then used to determine the applied force for a given
output voltage, where F' is the force to be calculated, the line gradient is 14.94 (£ 0.00), the
intercept is 0.07 (£0.03) and V is the voltage variable (0 - 10 V). The lines intercept does not
pass through the origin due to small errors when ‘zeroing’ the system, but this is taken into

account by the line equation.
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Figure 3.20: Loadcell (LCM703-25) calibration graph showing three continuous
up/down sweeps and linear fit (fit; F = 14.94V + 0.07(R? = 1.00)(F is force, V
is voltage)).

The 10 k§2 potentiometer uses a 15 V supply and is placed in series with two 1 k2 resistors
to prevent the power supply from being overloaded, giving a normalised voltage range of
approximately O - 12.5 V. To calibrate the potentiometer the sweeper arm was moved through
5 mm marked intervals in its stroke length (0 - 20 mm) using a linear scale with accuracy
+0.25 mm (Figure [3.19b). The output voltage was taken at each interval for three sweeps
up and down the range. As with the loadcell calibration results, a linear fit can be used to
determine the position of the potentiometer from the output voltage (Figure [3.21)), where D
is the displacement to be calculated, the line gradient is 1.62 (£0.02), the intercept is 0.51
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(£0.30) and V' as the voltage variable (0 - 12.5 V).
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Figure 3.21: Linear potentiometer calibration graph showing the average of three
up/down sweeps with vertical measurement error bars, horizontal error bars from
positional accuracy, and the linear fit (fit; D = 1.62V — 0.28(D is displacement,
V is voltage)).
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Figure 3.22: The instrumented grasper system diagram, showing the data connections
between each hardware device and highlighting the components located in the
instrumented module.

To interface between the PC and the rig, the DAQ USB device (National Instruments
USB-6009, (Appendix A)) was chosen for fast reliable data collection, consisting of eight
analogue inputs (14 bit, 48 k Samples/second (S/s)), two analogue outputs (12 bit, 150 S/s),
12 digital inputs/outputs, a 32-bit counter, and is compatible with the program development
software LabVIEW. The outputs from both the loadcell amplifier and the potentiometer are
connected to the two analogue inputs (Figure [3.22), with the components situated in the

instrumented module.
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The final instrumented grasper kit set-up (Figure [3.23)) comprises of a regulated 15 V
adapter to provide a stable DC power supply, a USB connection to interface the kit with a PC
or laptop, the housed amplifier and DAQ device for easier transportation, and the complete
instrumented grasper. The handle, shaft, and cone nut remain unmodified and a 5 m long

flexible cable is used to prevent restriction on the user and provide ample access in surgery.

Figure 3.23: The complete instrumented grasper set-up showing power supply, USB
connector, housed DAQ and amplifier and the assembled instrumented grasper.

3.6.3 Instrumented Grasper Data-Logging Program

To control the force-time and displacement-time DAQ of the instrumented grasper and to
provide the simple user interface, a program (Figure[3.24)) was implemented using LabVIEW
(Appendix B)). Forces up to 100 N were expected with potential logging time of up to 10
minutes for each, which was considered a suitable time in which to perform individual

manipulation tasks.
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Figure 3.24: Instrumented grasper flow chart, showing the force and time target loops
with force and displacement (disp) and restart/stop loop.
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Simultaneous force and displacement readings are taken by a PC via the DAQ USB device
and displayed on the programs Graphical User Interface (GUI) (Figure[3.25]). When required,
the GUI also allows the user to alter the force and time targets with the green and red lights
used to indicate when the desired targets have been reached respectively. These can be reset
using the ‘restart’ button allowing for multiple cycles to be performed. The appropriate DAQ
ports can be selected in ‘set-up’ with the measurement data saved in the stated file, while the

force waveform is used to show the surgeon the current grasping force profile if needed.
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Figure 3.25: LabVIEW GUI for the instrumented grasper showing the force and time
control parameters, the setup options and the graphical data display.

The programs sample rate was investigated to ensure accurate data is collected in a fast
and consistent time, limiting the potential for missed readings. The program was run for
ten seconds (to average any noise that might occur in the signal) while logging the force,
position and time data with the grasper stationary, while the time between samples was
monitored. This was performed over three repeats for each sample rate (500 Hertz (Hz) -
1k Hz). From this the average time between samples was found and used to calculated the
standard deviation of the sample rate (Figure [3.26). For the optimum sample rate, a low

standard deviation was required to show that the time between samples is repeatable.
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Figure 3.26: Sample time standard deviation for desired sample rates, for the first
instrumented grasper LabVIEW program.

As the demanded sample rate increases, the time between samples becomes less reliable,
so a sample rate of 500 Hz was chosen as this is significantly higher than the frequency

response expected in typical surgical situations [182].

3.6.4 Validation of the Loadcell and Potentiometer Measurements

To ensure that the loadcell and potentiometer provide accurate and repeatable readings,
both were validated in-situ. Firstly a series of 50 g weights were suspended from the loadcell
connector up to 1 kg (Figurg3.27). For each weight change the readings from the amplifier
were sampled for three seconds then averaged to minimise the effect of error caused by any
noise in the signal. The weight was incremented then decremented for three sweeps, and a
linear fit found (Figure[3.28)). The linear fit was used to determine the accuracy of the loadcell,
where F7, is the loadcell force reading, the line gradient is 1.00 (4-0.00), the intercept is 0.01
(£0.01) and F4 is the applied force (0 - 10 N).
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Figure 3.27: Loadcell force validation set-up for the instrumented grasper.
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Figure 3.28: Loadcell force validation graph for three up/down sweeps with a linear fit
(fit; F, = 1.00F4 + 0.01(R? = 1.00)).

The results show that the loadcell readings are accurate to 1 DP with maximum 0.02 N
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error for each reading. This is a maximum error of 0.4 % for a force range of 5 - 70 N [[175]
and so can be considered as negligible. Due to the high accuracy of the system, the R? term
was also included to highlight this. R? is a statistical measure to show how close the data lies
to the linear fit, ranging from O to 1 (high to low variability respectively).

Using a pre-calibrated laser displacement sensor (accuracy £0.025 mm) (Appendix A)),
the potentiometer was moved using the handle through its full range (approximately 0 - 8
mm) (Figure [3.29). At each approximate 1 mm increment the laser position was measured
and the potentiometer reading was sampled for three seconds then averaged, to account for

any noise.
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Figure 3.29: Potentiometer displacement validation set-up for the instrumented grasper
(laser shown in red).
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Figure 3.30: Potentiometer displacement validation graph for three up/down sweeps
with a linear fit (fit; Dp = 1.00D; + 0.06).

Three sweeps of up and down readings were taken of the laser sensor and potentiometer

readings (Figure[3.30). The linear fit was used to determine the accuracy of the potentiometer,
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where Dp is the potentiometer displacement reading, the line gradient is 1.00 (£0.08), the
intercept is 0.06 (£0.02) and Dy, is the actual displacement (O - 8 mm). The results show that

the potentiometer readings have a maximum possible error of 2 % for the highest readings.

3.7 In-vivo Testing with the Instrumented Grasper

Two testing methodologies were performed using the instrumented grasper to investigate
what typical measurements are to be expected in surgery when performing tasks. This could
then be used in further areas of the project, to advise the choices for test parameters. Secondly
the grasper usability has been explored to show if the grasper could be used to apply precise

forces for a given time by a user.

3.8 In-vivo Organ Manipulation Testing

For the in-vivo organ manipulations, the first instrumented grasper prototype was used
alongside a non-instrumented grasper of the same design, to allow for easier manipulation and
set-up during testing. This aimed to investigate the typical in-vivo grasping profiles and how
tissue responds during grasping, i.e. how does tissue relaxation vary. Both these experiments
were performed in the closed abdominal cavity insufflated with CO,, while being viewed
on a monitor through a laparoscope, to simulate typical MIS. For the in-vivo tissue testing,
an anaesthetised 40 kg white pig was used due to the similarities to the human model, as
discussed in the literature review (section[2.3)).

3.8.1 Methodology of In-vivo Organ Manipulation

For the first part of the experiment, a trainee surgeon was asked to ‘run the bowel’
whereby the colon is passed from grasper to grasper, progressing along the colon. Each
run consisted of 10 grasps in total, 5 with each grasper, starting with the non-instrumented
grasper. The force-time and displacement-time measurements were stored over five repeats
for post-analysis.

Secondly the trainee surgeon was asked to grasp various abdominal organs and retract
them for 30 seconds, with 5 repeats, on a fresh area of tissue. The retraction motion performed
was that of typical MIS, whereby the surgeon would gain access under the organ by holding it
out of the way. The organs which were grasped were the bladder, colon, gallbladder, rectum,
and small intestine, as these represent those involved in typical abdominal surgery and the
force-time and displacement-time measurements were stored for post-analysis.

It has been noted that the trainee surgeon would potentially perform tasks differently

when compared to an experienced surgeon, but it is likely that the grasping forces would be
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slightly larger and therefore this would provide a ‘worst case scenario’.

3.8.2 In-vivo Laparoscopic Testing Set-up

The in-vivo setup (Figure[3.3T)) comprised initially of three ports for the two graspers and

laparoscope, with additional ports added as the operating region changed.

(b)

Figure 3.31: In-vivo laparoscopic surgery set-up showing (a) grasper setup with
instrumented grasper on the left, unaltered grasper on the right and laparoscope in
the middle, and (b) additional ports used for alternative access.

The images were displayed on a monitor for the surgeon to see the tasks being performed,

simulating as close a possible to actual MIS (Figure [3.32).

(b)

Figure 3.32: In-vivo laparoscopic testing, showing (a) the surgeon performing surgical
task observed on a monitor, and (b) the monitor display of the view from the
laparoscope.
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3.8.3 In-vivo Organ Manipulation Results

For each set of data for the organ manipulation tests, the instrumented grasper linkage
measurements were converted to tool-tip forces and jaw angles using the mathematical model
(section [3.4). There were a number of differences in the types of grasping profile observed
(Figure [3.33). Due to external factors such as hand vibrations and other organs moving
around during grasping, it was often difficult to witness natural relaxation in the tissue.
The maximum applied force and Root Mean Square (RMS) average of each grasp were
found. Inclusion of the RMS average takes into consideration the full grasp profile so a
truer average force can be observed, for example when grasping the rectum, one grasp has a
higher maximum force of 2.74 N (Figure [3.33a)), over a second grasp which has a maximum
force of 2.28 N (Figure [3.33b)), but due to the variations in grasping profile the RMS average
forces are 1.13 N and 1.19 N respectively.
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Figure 3.33: In-vivo grasping characteristics (RMS values shown as dotted line)
representative of typical force-time profiles; (a) force peak is reached with some
relaxation observed (rectum), (b) fluctuating grasp force (rectum), (c) maximum force

occurs midway through grasp (bladder), and (d) little or no relaxation observed
(bladder).
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An ideal grasping force profile, for observing tissue response and ease of analysis, would
show exponential decay as the grasped tissue relaxed, similar to the typical grasping observed
in rectum (Figure [3.33a). However this profile is not ideal for tissue response analysis due to
slight tremors throughout which has been shown in previous research (section[2.4.2). Other
typical profiles include large force fluctuations (Figure [3.33b), those whose force peaks
midway through the grasp (Figure [3.33¢), and flat profiles showing little or no relaxation
(Figure [3.33d). The maximum applied force and average applied force were plotted with
standard deviation, to show the applied force to each abdominal organ over 5 repeats. This
shows that the maximum tip forces on colon, rectum, and gallbladder are approximately
double that of the bladder and small intestine (Figure [3.34). These higher force are likely
a results of ensuring the heavier/larger organ can be retracted far enough, with less chance
of the smaller or lighter organs slipping. However in the case of the gallbladder this may
be due to the difficult accessibility of the location. By observing the variation in grasping
angle it can be seen however that occasionally, slight changes in grasping can lead to larger
fluctuations (Figure [3.33b)), where a small reduction when grasping the rectum seems to lead
to the secondary force peak. But this is not always the case, where a particularly stable force
is not affected by angle fluctuations (Figure [3.33d).
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Figure 3.34: Maximum and average applied force during organ manipulation for the
five repeats, including standard deviation (alphabetical order).

The average RMS force for the gallbladder manipulation is greater than the other organs.

Similarly the RMS for the bladder is closer to its maximum applied force, compared to other
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organs (Figure [3.34). This suggests that less relaxation occurs as the tissue structures are

much thinner when compared to the colon, rectum, and small intestine.
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Figure 3.35: The average and standard deviation of time taken to reach the maximum
applied force when grasping each organ.
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Figure 3.36: An example profile for the force (black) and jaw angle (blue) of a bowel
run, with individual grasps, A-E.
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The bowel run profiles typically showed that there was an initial peak force for each
grasp (Figure [3.36), occasionally followed by a final increase as the surgeon switches hands
(profiles B and D). Also for relatively stable jaw angle measurements, there are force fluctuations,

suggesting that during a grasp, minor variations could affect the applied force.
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Figure 3.37: Maximum and average applied force during bowel run for the five repeats,
including standard deviation (for each independent ‘run’, a-e).

The bowel run results highlight how maximum and average forces are generally lower
for quick manipulations of the colon, compared to prolonged tasks (Figure [3.37). During
retraction, the maximum and average grasping forces for colon were 3.60 N and 1.54 N
respectively, whereas for the bowel run experiment, the combined maximum and average
force was at 1.29 N and 0.83 N for the average force. This may be due to the fact that
a firm hold is only required for prolonged periods of grasping, such as retraction, but when
manipulating organs quickly, perhaps when locating a particular area, there is little

consequence to the organ slipping out of the grasper.

There is also a correlation between the grasping forces and grasp time (Figure [3.38), as
there is a larger spread of grasp time for a lower spread of grasping force. By multiplying the
standard deviation (o) of the average force, F 4y 5, and o of the grasp time, Tqarasp, for each

bowel run an approximate relation in the variance can be shown (Equation [3.28).

Oryyn X OTomasn = 0.29(£0.03) (3.28)
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Figure 3.38: Grasping duration during bowel running for the five repeats, including
standard deviation (for each independent ‘run’, a-e).

This suggests that if the surgeon takes longer between grasps when manipulating, they
can achieve a higher consistency of grasping forces. The maximum force results were also
considered in the analysis of the variance but showed a much larger spread (0.40+0.12),
indicating that there is a closer correlation between the average force and grasp time variance,

which is to be expected as the average force considers the grasping profile for the full grasp.

3.9 In-vivo Colon Force Grasp Testing

The following experiment was performed to investigate the instrumented grasper’s ability
to measure tissue characteristics, such as the relaxation response from applied forces. This
could potentially allow for further information to be found from grasping data, such as
whether the sample was diseased or healthy. As with the in-vivo organ manipulation tests

an anaesthetised 40 kg white pig was used.

3.9.1 Methodology of In-vivo Colon Grasping

A trainee surgeon was asked to grasp a fresh area of colon at pre-determined forces of 5,
10, 20, 40, 50 and 70 N, each for 5, 30 and 60 seconds without repetition (due to the limited

colon length), and the grasper measurements were logged for post-analysis. The experiment
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was carried out through open surgery, manually placing the colon in the full grasper jaw each
time (Figure [3.39). This provided greater control over the grasps and would prevent other
factors from affecting the results from the tissue analysis. Finally after all experiments had
been completed the surgeon was asked to grasp the colon twice, at they highest force possible
for 30 and 60 seconds, to establish the limits of the design.

3.9.2 In-vivo Open Surgery Grasping Set-up

Figure 3.39: In-vivo force grasping procedure; (a) the area to be grasped being placed
in the jaws, (b) the grasped section highlighted using sutures above, and (c) multiple
grasps and sutures progressing along the length of the colon.

The grasped area was sutured above to mark the test site to allow for easier location after
the tests had been completed and to indicate which section of the colon had already been
grasped. This experiment was also part of a parallel project in which the grasped samples
were subsequently separated and later histologically analysed, hence the need to locate each

grasp after the experiment [240].

3.9.3 In-vivo Colon Grasping Results

The following results are presented as forces measured along the grasper linkage. This
allows direct comparison between the target force and actual force, allowing the grasper’s
feasibility to be easily assessed. For each set of data the instrumented grasper linkage
displacement measurements were converted to jaw angles using the mathematical model
(section [3.4). This was chosen over using the displacement values for easier comparison

with previous data.
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Figure 3.40: Observed in-vivo grasping profile characteristics, including (a) a long ramp
up to target force (20 N, 5 seconds), (b) an initial relaxation observed but followed by
rise (10 N, 30 seconds), (¢) a large force spike followed by fluctuations in force (10 N, 60
seconds), and (d) a little relaxation with force fluctuations (50 N, 60 seconds).

When asked to grasp at a particular force the surgeon often found this difficult to perform
without aid of the force readout on the program’s GUI and as a result the ramp up time
could be longer than the actual grasp time (Figure [3.40a). Occasionally relaxation could be
observed in some of the grasp profiles, but were usually accompanied by force fluctuations or
anomalies where the force rose instead of fell (Figure [3.40b). By asking the surgeon to grasp
to a particular force then hold this position, force spikes were seen when trying to steady the
grasp (Figure [3.40c). Also due to unknown factors, very little relaxation could be seen in
some profiles, possibly due to tremors in the surgeons hands or if the colon moved during
the grasp (Figure [3.40d). By observing the grasp angle data, it can be seen that occasional
drifting during grasping can lead to a rise in the grasping force (Figure [3.40a)), but in other
profiles, there are force fluctuations, with a relatively steady angle (Figure [3.40c)).
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Figure 3.41: Absolute force overshoot during colon grasping with the instrumented
grasper.
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Figure 3.42: The time taken to reach the desired grasping force during colon grasping
with the instrumented grasper.

A poor reliability of obtaining repeatable applied forces was seen when grasping manually
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(Figure [3.41)). The force overshoot seems consistent, with higher forces also subject to larger
overshoots, but lower target forces would be more susceptible to high degrees of error.

The time taken to reach the target force for each grasp was also recorded and shown
against the desired force (Figure [3.42)). The results showed a slight increase from an average
of 2.9 seconds up to 4.5 seconds with an increase in force. The large error result from the
20 N grasps 1s due to a single large result of 9.8 seconds, but by excluding this the average

becomes 4.2 seconds.

3.10 Concluding Remarks About the Initial Design

An initial concept for the instrumented grasper has been designed, developed, and used
for in-vivo testing. The design met the outlined specification (section[3.2)), as it was capable of
measuring up to 150 N linkage force (1 and 2), the sealed, modular design could be attached
without requiring modifications to the grasper or handle (3, 5, 6, and 9), no wires were
located at the tip (4 and 8), the data was logged via a computer (7), and the device did not
require a power supply to function (10). However there were a number of issues found in the
design. During the development, it was noted that the accuracy of the linear potentiometer
could affect readings, especially due to the short range needed by the design. This had the
potential to cause a large build up of noise in the signal as the contacts became worn over time.
During testing there were several problems highlighted. The connecting nuts which joined
the handle and shaft to the instrumentation were able to rotate due to the cylindrical design,
making it difficult to securely join the parts together. For the instrumented grasper limit test,
the maximum force reached for the 30 and 60 seconds grasps were 156.24 N and 166.68 N,
with averages of 126.58 N and 146.08 N respectively. At this force it was very difficult to
maintain either a constant position or force. It was also noted that after the maximum force
tests were completed, the internal struts, which held the connecting nuts against the housing,
had deformed and bent allowing the connecting nuts to move linearly. This suggested that if
this device was used for prolonged testing in the future, there would an increasing margin of
error in displacement measurements. Occasionally the shaft connectors (Figure [3.18)) would
unhook from the shaft and handle connectors, requiring the instrumentation module to be
opened and fixed. From these observations, it was concluded that the design concept was
suitable for the required task, but modifications would need to be made for future testing to
ensure the design was longer lasting and more reliable. Also from the force grasping results
(section[3.9.3), the grasper was shown to be unsuitable for precise force testing. This was due
to the difficulties in controlling the force application, particularly at lower forces and over a
long period of time, as the measurements were susceptible to a similar level of overshoot,
but this was particularly noticeable at lower forces. It was noted that when asked to grasp

up to a certain force, the surgeon struggled to reach this ‘smoothly’, as this was difficult to
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interpret. For the initial grasps, long ramp up times were seen as the surgeon learnt what
each force ‘felt’ like. When grasping for long durations (30 and 60 seconds), the surgeon
struggled to maintain the force without moving the grasper or hand/finger position. This was

most noticeable for higher forces, when the surgeon also experienced more fatigue.

3.11 Redevelopment of the Instrumented Grasper Prototype

3.11.1 Redesigning the Instrumentation Module

The instrumented grasper was redesigned to address the previously highlighted issues
(Figure [3.43). The design reduces the number of individual parts required by including both
the cone nut and handle threads into the housing, which prevents unwanted rotation during
use and makes assembly easier. The internal linear bearing provides smooth motion of the
loadcell to prevent it from disconnecting, while supporting the housing and reducing flexing
under high forces (Figure [3.44).

Figure 3.43: CAD of the redesigned instrumented grasper prototype, highlighting the
location of instrumented module.
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Figure 3.44: CAD of the cross-section of the redesigned instrumented grasper module,
highlighting the location of the sensors and connectors.

The design was rapid prototyped using Accura® Xtreme lightweight plastic to reduce the

weight of the housing and to allow for faster manufacture if repairs or redesigns are needed.

3.11.2 Instrumented Grasper Hardware

A small, cylindrical loadcell (LCM201-200N, Omegadyne Inc. (Appendix A)) of diameter
19 mm and height 6.4 mm, capable of + 200 N, was chosen to measure the required tensional
force along the inner shaft, while limiting the overall weight of the instrumented grasper and
reducing the size of the instrumentation housing. The same amplifier design (DR7DC, RDP
Electronics Ltd.) was used to boost the loadcell signal (2 mV/V) and generate a linear output
of approximately 0 - 10 V for a 0 - 150 N force range, using a 15 V DC power supply. The
loadcell was calibrated for three increasing and decreasing force sweeps with approximate 10
N increments for this range, using the same calibration rig as used previously (Figure [3.19a),

with the exact force and voltage readings being taken at each interval.

The resulting line fit equation can determine the relation between applied force and output
voltage (Figure @]), where F'is the force to be calculated, the line gradient is 19.97 (£0.02),
the intercept is -0.68 (40.08) and V' is the output voltage (0 - 10 V). Again to demonstrate
the high accuracy of the loadcell, the R? value is included.
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Figure 3.45: Loadcell (LCM201-200N) calibration graph showing three continuous
up/down sweeps and linear fit (fit; I = 19.97V — 0.68(R? = 1.00)).

Figure 3.46: Dual-channel miniature linear encoder sensor and scale.

The potentiometer was replaced with a dual-channel miniature linear encoder (ID1101L,

Posic (Appendix A)) (Figure [3.46) with a resolution of 75 ym. This was firstly to keep the

design compact, and secondly to improve the signal to noise ratio. Over time, the original
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potentiometer could potentially produce more noise as the physical contacts are worn. This
effect will be greater due to the small grasper linkage range, compared to the full stroke length
of the potentiometer. The contactless design of the encoder means there will be no wear, and
as a result no degradation over time. The digital output from the encoder also ensured reliable

readings giving a longer lasting design.

The encoder is incremental and uses a differential inductive sensing principle whereby
the scale is made from an electrically conducting ferromagnetic material and as this moves
through the magnetic field (generated by the encoder) it alters the field, causing a varying
sinusoidal wave to be detected. Using two detectors (built into the sensor), which are 90° out
of phase with each other, the difference in the two sinusoidal signals indicate movement of the
scale relative to the sensor. The encoder is digital as it interpolates the analogue sine/cosine
signals dividing the scale period and generating a square wave. This design uses a 4 bit
interpolation factor to give the 75 pum resolution (the scale period (1.20 mm) divided by
the interpolation factor (2%)). Inductive encoders are robust to contamination compared to
other types such as optical and capacitive encoders. The encoder output consisted of three
channels. The first two channels output digital signals in quadrature (Figure and each
step (1 - 4) 15 0.075 pm. The third channel outputs a digital signal for each full cycle of the
two increment channels to provide a reference and is known as an index pulse. A logic table
is used to determine if the position has incremented or decremented (Figure[3.47b). Only one
channel can change for each step and the previous channel values are compared to the current

values.

1 2 3 4 1 2 3 4 1 2 3
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Figure 3.47: Encoder quadrature output (a) from channel A and B and (b) table used
to determine output state.

The same DAQ devise was used as in the previous design, with the sensors located in the
instrumented module (Figure [3.48). The three outputs from the encoder were connected to
the digital input on the DAQ USB.
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Figure 3.48: Redesigned instrumented grasper system diagram showing the data
connections between each hardware device and highlighting the components located
in the instrumented module.

Figure 3.49: The final instrumented grasper redesign, showing the cable, and
instrumentation, with the unmodified handle and grasper shaft.

3.11.3 Instrumented Grasper Data-logging Program

The GUI remained the same as the first design (Figure [3.25) with a simple interface
allowing for target force and time to be set. A new program was developed to measure the
encoder readings (Figure [3.50). Two digital counters were used dependant on each other, i.e.
the value would only increment if each channel varied sequentially. A third counter was used

to monitor the index pulse and to avoid skipping measurements.



94

START

Initialise
counter (C)
Read A and B
channels
No Yes Yes
C+1
No A
Yes Hs
Yes
An=07 > -1
N
2 > C+1
Yes Yes
c-1
No
No C+1
Bu=07 ) N
1_0
> C-1
No
Zero ? <
Yes

CHAPTER 3. INSTRUMENTED GRASPER

Figure 3.50: Encoder flowchart to calculate positional increment or decrement from
channels A and B.

3.11.4 Validation of the Loadcell and Encoder Measurements

The instrumented grasper sensors were validated in-sifu to ensure the data were accurate

and repeatable. Firstly a series of 50 g weight were suspended from the linkage connector
and the equivalent force reading was logged, as carried out previously (Figure [3.27). The

weights were incremented and decremented from O g to 1 kg and each force measurement was
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sampled for 3 seconds then averaged, to account for any noise. The weights were incremented

and decremented over the full range for three repeats.

Loadcell Force (N)
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Figure 3.51: Loadcell (LCM201-200) force validation graph for three up/down sweeps
with a linear fit (fit; F;, = 1.00F4 — 0.14(R? = 1.00)).

The linear fit was used to determine the accuracy of the loadcell (Figure [3.51)), where F7,
is the loadcell force reading, the line gradient is 1.00 (£0.01), the intercept is -0.04 (+0.03)
and F4 is the applied force (0 - 10 N). The results show that the loadcell provides readings

accurate to 1 DP with a maximum error of 2 % at lower forces.

Using the pre-calibrated laser displacement sensor (accuracy £0.025 mm), the encoder
was moved along the scale using the handle through its full range of motion (0 - 8 mm
approximately), as carried out previously (Figure[3.29). Ateach approximate I mm increment
the laser position was measured and the reading taken. 3 sweeps of up and down readings
were taken of the laser sensor and encoder readings. The linear fit can be used to determine
the repeatability of the encoder (Figure (3.30), where Dp is the displacement reading, the line
gradient is 1.01 (£0.01), the intercept is 0.01 (£0.02) and Dy, is the actual displacement (0
- 8 mm). The results show that the encoder readings have a maximum possible error of 2 %

for the highest readings, making readings reliable to 1 DP.
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Figure 3.52: Encoder displacement validation graph for three up/down sweeps with a
linear fit (fit; D = 1.01D; — 0.01(R? = 1.00)) (error bars excluded for clarity).

3.12 Concluding Remarks About the Instrumented Grasper
Redesign

The instrumented grasper was redesigned for robustness and reliability in future tests.
The aluminium panels were removed and the housing connectors were designed as part of the
bespoke housing, preventing them from rotating during use. The loadcell and displacement
sensor were changed to make the device lighter and easier to use. Even though the loadcell is
slightly lower in accuracy than the previous design this can still be considered as negligible

for the desired force measurements to be observed [175]].

3.13 Conclusion

A mathematical model of the grasper scissor linkage mechanism was developed to
estimate the tangential tool-tip forces from the grasper’s internal linkage forces. The model
highlighted the need to include the linkage displacement in measurements as variations in the
grasper jaw opening angle could alter the transmitted force by up to 54 %.

An instrumented grasper has been designed, developed, and used for in-vivo testing. The
design is a single unit attached to a generic grasper which can be removed quickly and so can

potentially be used in future testing with any grasper design, providing it has the appropriate
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connectors (Figure[3.3). The instrumented grasper does not change how the grasper functions
therefore the surgeon will not need to be specially trained to use it. It can be attached in-situ,
allowing for multiple tools to be tested with it.

The testing results showed the typical range of in-vivo grasping forces for varying
abdominal organs and also highlighted a link between average grasping force variation and
grasping time variation. The maximum force measured along the linkage was 75.5 N when
retracting colon and 38.0 N when manipulating the bowel. However the instrumented grasper
proved unreliable when used to grasp at specific forces, particularly at lower forces. Actual
forces tended to vary widely but were usually much higher than the target force. Also due
to variations in the applied stresses on the grasped tissue, typically from hand tremors or the
movement of other organs, true tissue relaxation could not be observed. The grasper was also
tested at extreme forces to determine it’s capabilities. At these high forces (approximately
150 N along the inner shaft), the internal brackets deformed. Other problems included
the housing connectors which rotated during use, and the inner connectors occasionally
disconnected. The highlighted issues were addressed in the redesign of the instrumented
grasper which focussed on developing a longer lasting device by improving the housing,
reducing the weight of components, and replacing the displacement sensor. Even though the
loadcell readings were marginally less accurate, the error could be considered negligible for
the required grasping forces. This system provides a convenient way to measure surgical task

forces, allowing for a greater understanding of how tissue is manipulated in-vivo.
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Chapter 4

Laparoscopic Grasper Test Rig

4.1 Introduction

The literature review and in-vivo data analysis has highlighted the need for an automated
test rig to simulate grasping, with greater control and positional accuracy than was possible
with the instrumented grasper and in-vivo environment. This would provide greater control of
the testing environment and increase repeatability of measurements, allowing tissue response
to be observed under typical grasping scenarios. Previous research has investigated tissue
mechanics by applying a precise strain over a predetermined area and measuring the force
relaxation [S3]]. Other investigations have looked at the retraction forces for varying grasper
fenestration geometries, and the designs which produce the least amount of tearing of tissue
samples [69]]. Both these investigations are typical examples of laboratory based grasper
testing but do not provide a realistic comparison to the in-vivo conditions found in surgery
due to the idealised surfaces use to apply the force. The set-up in this project aims to
simulate an idealized surgical grasping scenario, by using test parameters equivalent to those
observed in-vivo (section[3.8.3)). The bespoke rig is required to control a laparoscopic grasper,
independent of a user, to provide repeatable test conditions when grasping ex-vivo porcine
colon samples. Through precise control of grasper jaw position it is possible to investigate
and record characteristics such as force relaxation in the grasped tissue samples which can
be used to understand the tissue mechanics. Overall the laparoscopic grasper test rig aims to
provide a controlled representation of actual in-vivo surgery, while allowing for comparable

relaxation results and damage observations between in-vivo and ex-vivo.

4.2 Design Specification for the Test Rig

Before designing the test rig, a list of requirements were derived from the literature review
and the in-vivo experiments, carried out using the instrumented grasper, to ensure that it will

meet the needs identified for both accurate and repeatable experimentation.

1. The design must be able to accurately control the opening and closing of a double
action laparoscopic grasper to match the in-vivo work and mathematical modelling
(section |3.4]).

99
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2. From the in-vivo work (section [3.8.3) and previous research [175], the maximum
applied linkage force observed was 75.5 N and 68.17 N respectively. To ensure all
typical grasping circumstances are considered the design must be able to apply a
maximum force of 100 N, with less than 5 % overshoot (this would ensure, particularly

at lower forces, the overshoot does not exceed 1 N).

3. To match the in-vivo grasping test parameters, the rig must be capable of grasping for

up to one minute (section [3.9.1).

4. There must be a suitable method of holding the tissue section to be grasped, without
inducing unintentional damage to the sample, in order to represent in-vivo grasping as

close as possible.

5. Due to the number of moving parts, the rig must have safety features to prevent injury
to the user. It must also have easy access to the connectors and components in order to

remove samples quickly and replace any parts where necessary.

6. There must be a control system which allows the user to change the test variables, such
as magnitude of force and length of time a sample is grasped for, via a user interface.
The program should give a graphical display of the force, displacement and time data,
and save these as a suitable data type. The interface must be user friendly to allow the

rig to be operated by non programming users.

7. The applied force must be measured along the grasper shaft so as not to impede the

grasper functionality (section [3.3)) and allow for direct comparison to previous in-vivo

work (section[3.7).

8. The necessary parts must be sterilisable due to the biological tissue to be grasped. This

includes the grasper mount and connectors, with wipeable surfaces.

4.3 Development of the Initial Test Rig Prototype

4.3.1 Design of the Test Rig Structure

The initial design of the test rig consisted of a simple outer frame on which to mount
the grasper, components, and tissue fixtures. The frame was fitted with Perspex® panels to
provide a safety barrier between the moving parts and the user. The grasper was orientated
in an upright position to allow tissue samples to hang between the grasper jaws, simplifying
the tissue mounting and giving greater control over the grasping area. If the grasper was
positioned above the tissue, due to the non-homogeneous nature of the tissue, the grasped area

could differ each time, which would affect testing repeatability. The design was developed
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using SolidWorks Computer Aided Design (CAD) (Figure[4.I)). The material used to construct
the main frame and mounts was Bosch Rexroth® extruded aluminium bar with a 30 x 30
mm cross sectional profile. A rigid structure could be built quickly and easily as the bar’s
versatility allows for a simple yet effective modular design. It would also allow for easier
future modification if necessary without the need to redesign large sections of the rig, helping
to reduce manufacturing time and cost. The grasper mount used an M3 x 0.5 thread to match
that of the grasper. Due to the standardized thread on the grasper’s shaft, any similar geometry
design could be used. The grasper’s centrepoint was positioned in-line with a linear actuator
for a pure linear motion, and were joined via two bespoke connectors and a loadcell, allowing
for a simple method of force transmission and measurement while leaving the actuator and

grasper shaft unmodified.

Grasper
Mount

Tissue

Grasper
Tool-tip

Fixture

M3
Connector

Grasper
Linkage

Grasper
Linkage End

Loadceell
Connector

Loadcell
Connector

€— Actuator

Figure 4.1: CAD of the initial rig prototype showing the location of grasper, loadcell,
actuator, and custom made connectors, situated in a frame measuring 360 x 360 x 700
mm.

To transfer the linear movement and force along the grasper shaft, bespoke parts were
manufactured from stainless steel to ensure rigidity, and joined the actuator and grasper
shaft together via a loadcell. By extending the actuator (Figure {.24), the grasper linkage
is extended and the jaw mechanism is opened (Figure d.2b). By retracting the actuator
(Figure .2¢)), the grasper jaws are closed. By continuing the actuator retraction a tensional

force is applied along the linkage which is measured by the loadcell and is transferred to the
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grasper jaws (Figure [4.2d).
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Figure 4.2: Grasping motion control from the actuator to the grasper linkage, then
to the jaw; (a) actuator to linkage extension, (b) linkage extension to jaw opening, (c)
actuator to linkage retraction, and (d) linkage retraction to jaw closure.
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Figure 4.3: First design of the tissue holder for use in the first rig design; (a) tissue
holding method, and (b) manufactured aluminium tissue brackets.

To allow the tissue samples to be changed easily outside the rig, a removable tissue
holder was designed. The tissue holder is attached to the frame via the crossbar at the top
(Figure[.T)). Several methods were developed to secure the tissue sample in the rig. The first
method was manufactured from sheet aluminium (Figure .3). The tissue sample is wedged
between the two sides of the clamp, with an exposed area to be placed between the grasper
jaws. The tissue holder was redesigned due to difficulties encountered while using the tissue
holder in preliminary testing, including the tissue slipping down during testing and difficulties
with lining up the sample with the jaw. The second used four pins to secure a single walled
colon sample, which was subsequently suspended between the grasper jaw’s during testing
(Figure [{.4). This method ensured the tissue did not slip when held, and the sample could
be easily lined up with the jaw, and the individual pins allowed for easier placement of the

sample.

Spring Pin —>

Tissue Sample

Spring Pin —>

13.5 mm

(a) (b)

Figure 4.4: CAD of redesigned tissue holder, showing tissue placement; (a) full design,
(b) side profile.
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Before the tissue samples are placed in the tissue holders they are prepared. The single
wall sample was chosen for testing as this allowed for easier placement in the holder and a

more uniform section to be grasped to make measurements as accurate as possible (Figure[4.5)).

- . -
L

() (b) ()

Figure 4.5: Tissue sample preparation procedure before grasping showing (a) initial
cylindrical sample and incision line, (b) open cylinder section and (c¢) final opened
sample section to be grasped.

The sample could then be immediately preserved in formaldehyde solution once it had
been grasped as no extra sectioning was required. This also allowed the bottom of the tissue

sample to be lined up against the grasper jaws.

4.3.2 Hardware Set-up

To provide the motion control of the rig, a micro-linear actuator (Firgelli, L16
@)) was chosen over other linear motion devices, such as hydraulics and pneumatics, for
the relative high precision and low cost of the devices (Figure @.6). The magnitude of the
maximum force chosen for the measurements was 100 N, as 70 N was demonstrated as
the maximum possible from the in-vivo work carried out using the Instrumented Grasper
(Section [3.8.3). The actuator is capable of producing 200 N force and can extend and retract
at a rate of approximately 8 mm/s with 0.5 mm positional accuracy. The actuator has a stroke
length of 50 mm, where the maximum travel of the grasper linkage (from a fully open to a
closed) is approximately 2.6 mm. It should also be noted that from the previous modelling
validation (Section [3.5.1)), there was a backlash of 0.13 mm.

Figure 4.6: Firgelli L16 micro actuator used in the first rig prototype.
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A controller (Firgelli, LAC (Appendix A)), was used to provide the Proportional Integral
Derivative (PID) control of the actuator (Figure . The controller includes two control
potentiometers, P1 and P2 which were used to vary the speed and accuracy respectively, with
the accuracy set to its highest and the speed then set to minimise oscillations in the linear
motion. Two pins, M+ and M-, provided the varying DC analogue voltage to the actuator,
with three pins for the feedback potentiometer, P, P+ and P-. A second connector, + and -,
provided the power to the controller, and used a varying voltage, VC, to control the actuator

extension and retraction.

1rgellt TE‘C@%T.

Figure 4.7: Firgelli LAC controller used to provide PID control and measurement of the
actuator position.

A linear loadcell (Omega, LCM703-25 (Appendix A)) which can measure compression
and tension forces up to 250 N was chosen to measure the force acting along the grasper
linkage. The loadcell outputs approximately 2mV/N and includes two M6x1.0 threaded holes
at the top and bottom of the device, through which to apply the force. The output voltage
from the loadcell was passed through a transducer amplifier (RDP, DR7DC (Appendix A)).
This amplified the loadcell voltage while actively reducing the noise. The loadcell was
calibrated by placing a similar pre-calibrated loadcell in series and applying a tensional force
(Figure[4.8)). The calibration rig, with a force accuracy of +0.05 N, was used to determine the
force/voltage relation equation of the loadcell. As the wheel is rotated clockwise the threaded

bar is placed under tension, simultaneously increasing the force applied across each loadcell.

Transducer to Wheel

be calibrated
=y Applied
] < Force

Pre-Calibrated
Loadcell

Fixed Fixed
Stand Stand

Figure 4.8: Loacell calibration rig showing the loadcell to be calibrated, in series with a
pre-calibrated loadcell, both connected to a fixed stand.
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Figure 4.9: LCM703-25 Omega Loadcell calibration graph showing the average of three
up/down sweeps and the linear fit (fit; 7' = 14.93V — 0.13).

Voltage readings were taken at each 10 N interval as the force was ramped up from 0 N
to 150 N and back down, with 3 repeats. The applied force was plotted against the output

voltage to give the force-to-voltage relation equation (Figure 4.9).

2mV/N

Loadcell

0-33V

12V

0-33V

Figure 4.10: The system diagram for the first rig design, showing the data/hardware
connections and voltage ranges.

To provide an interface between a Personal Computer (PC) and the rig, a Data Acquisition
(DAQ) Universal Serial Bus (USB) device (National Instruments, USB-6009 (Appendix A))
was chosen. This device consists of 8 analogue inputs (14-bit, 48 k Samples/second (S/s)), 2
analogue outputs (12-bit, 150 S/s), 12 digital I/O, 32-bit counter and is compatible with the
program development software, LabVIEW. The system diagram shows how each element is

connected and how data is passed between them (Figure [4.10).
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4.3.3 Control and Data-logging Program

Pagel J Page 2 1 Page3 l

File Path

i = I Actuator Displacement (mm) Actuator Voltage (V)
k 10- 10-

Actuator Loacell (N) : :

i - -

Start Actuator

‘ OK [ ‘ STOR l

Force (N) Pioto FAYY ] Displacement (mm) Poto I ]
10~ 10-

5=

0-

Amplitude

[ |
il
Amplitude

-5+

=10y 1 [
0 100 0 100
Time Time

Figure 4.11: The main LabVIEW interface for the initial rig prototype program,
highlighting (1) the force and program controls to set the target force, begin executing
grasp and stop the program, (2) the actuator demand signal and actual position (used
to indicate when the actuator is moving), (3) the output graphs which are updated with
the force-time and displacement-time data after each grasp, (4) the file path where
data is save after each graph, and (5) the extra tabs used to set the appropriate data
connections, calibration data, and debugging the program.

The control program was developed using LabVIEW allowing an accompanying
Graphical User Interface (GUI) to be designed (Figure d.11). The control program runs in
the background while the GUI passes the force target and start command from the user to the
control program to initiate the grasp, and then the force and displacement data are saved to a
spreadsheet and displayed on the interface. The GUI allows the user to set the target force and
grasp time before beginning the grasp cycle. Once the target force has been reached by the
loadcell, the actuator remains stationary, holding the position, and the grasp timer starts. The
program uses a polling structure of controlling the position and force application, whereby
the position is advanced and then the force reading is checked (Figure #.12)) (Appendix B)).
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Figure 4.12: Flow chart of the test rig grasp cycle showing actuator position
incrementation until desired force is reached, position is held for the preset time, then
the actuator is returned to start position and force, position, and time data saved.
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Figure 4.13: Control diagram highlighting the desired force input to the program
demand position sent to the controller and converted to a control voltage for the
actuator, with the actual position fed back to the controller via the actuator’s internal
potentiometer, and actual force sent to the LabVIEW program as measured by the
loadcell (Changeable sections in black, limited change in red).

4.3.4 Validation of the Measurements and Control System

In order to determine the accuracy and repeatability of the laparoscopic grasper test
equipment, the force and position measurements, and control loop were validated. To validate
the force readings, weights were suspended, via a pulley, above the loadcell. The weight was

incremented from O g to 1 kg then back to 0 g, in 50 g steps, with 3 repeats.

Rig Frame

Weight

Connector

Loadcell

Connector

Figure 4.14: The loadcell validation setup for the first rig prototype showing the
suspended weight via a pulley, connected to the loadcell.
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The force reading was sampled for 3 seconds, then the average was logged
(Figure 4.15)). The graph shows an approximate 1:1 relation between the applied force and

the loadcell readings.
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Figure 4.15: LCM703-25 Omega loadcell validation graph showing the average of three
up/down sweeps and the linear fit (fit; /' = 1.03V + 0.06) (error bars excluded for
clarity).

The actuator system’s (actuator and controller) positional accuracy was validated by
incrementing the position demand signal (0 - 3.3 V) until the actuator moved to the next
step. This was to show the reliability of the actuator movement. Only the required working
range of the grasper (0 - 2.5 mm) was validated (section [3.4.4). Both the demand and actual
positions were recorded and plotted for three up and down sweeps (Figure 4.16). The results
show that the system has a low positional accuracy of 0.5 mm for the intended application.
Due to the small range of movement required, the implications of this impacted on the rig by
causing abrupt grasper jaw movements leading to large grasping forces, which were difficult
to control and predict. It can also be seen that for each actuator position, there is overlap in
the demand values, adding to the unpredictable response of the actuator movement and as a
result, the force application. Using the grasper model, the positional accuracy was used to
show the jaw angle accuracy as a result. Over 0.5 mm displacement, the jaw angle could
vary by up to 15 °. This also means that over the full 2.5 mm extension, there will only
be approximately 5 steps to move the jaws from fully open to fully closed highlighting the

limited control over the motion and as a result the force application.
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Figure 4.16: Firgelli L16 actuator and controller position calibration graph for three

up/down sweeps.

The entire control system was validated using a 5 mm thick sample of silicone with a

Young’s Modulus of 6.5 kPa as a substitute for tissue (typical values for soft tissue have been
shown to range from 1 KPa [101]], to 6.7 kPa [96]). The sample of silicone was held in the

rig and grasped with ten target forces from 10 to 100 N, each for 5 seconds, with 3 repeats

(Figure 4.17)).

Tissue
Mount

Silicone

(b)

Tissue
Mount

Silicone

<— Grasper

Figure 4.17: System validation set-up with Silicone sample, showing (a) the front view,

and (b) the side view.
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The ideal requirements for the system would be to achieve the maximum target force
without exceeding it. When the system exceeds the maximum target, this is known as
overshoot and it should be minimised to give reliable and repeatable control. For this system
a suitable overshoot would be no greater than 5 % of the maximum force. This ensures that
at the lower forces, the overshoot does not exceed 1 N, as this will provide comparable data

for each force target.
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Figure 4.18: The systems control loop force overshoot percentage validation graph
(5 % target in blue) (actual forces shown in inset).

The results indicate that the system is not capable of producing grasps with an overshoot
of less than 5 %, in particular forces around 10 N have a very large overshoot (Figure 4.18|).
In general the system cannot provide forces below 20 N, and is not reliable to give repeat

grasping forces for each target.

4.4 Concluding Remarks about the Initial Design

The initial test rig prototype was developed from the specification (section 4.2)) however
even though the linear actuator is capable of the required 100 N maximum force, there
is a need for higher positional accuracy to prevent the large force overshoot and improve
repeatability. Improvements to the rig rigidity would also improve measurement reliability.
Due to the unrepeatable motion control, the rig greatly overshoots the target force, especially

for the lower forces, demonstrating that the rig is not suitable for testing at this stage. It was
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observed that the rig’s mechanical elements (the grasper and actuator brackets) would move
during force application. Due to the design of the grasper mount (Figure[d.T)), during the force
application the grasper would tilt the bracket causing it to pivot. Also the actuator bracket
would slide, especially for higher force grasping. This meant that the force application was
not truly linear and that the measured displacement of the grasper would be inaccurate. This
would affect results as it would not just show tissue relaxation, and would be difficult to
distinguish between the two effects. The large variation in grasping forces are due to an
instability in the actuator PID controller. This is because the highest positional accuracy
from the controller is needed, but because of this the controller often overshoots the position
and oscillated about the desired position, but does not reach it. Even a slow actuator speed
leads to oscillations. One possible issue would be that the small displacement of the grasper
linkage may cause the accuracy of the actuator to become significant. This was highlighted
using the grasper model to show the positional control of the actuator and as a result the jaw,
showing that for a single actuator ‘step’, the typical jaw movement would be around 15 °. A
higher accuracy actuator should improve the force target overshoot of the design. The design
will require the component fixtures to be improved through strengthening and improvement
of alignments. Also the tissue holder only allows for single layer of sample, whereas a full

section would be closer to actual surgery.

4.5 Redevelopment of the Laparoscopic Grasper Test Rig

From the previous design validation and general usage, a number of changes were required
in order to meet the specification (section4.2). These included improving the rigidity of the
rig to prevent movement in the actuator and grasper mounts while grasping, as this greatly
affected the reliability of the rig, and improving the LabVIEW program to provide an efficient
control loop and reduce force overshoot (specification 1, 2, and 6). By redesigning the tissue
holder to allow for cylindrical samples this would give a more accurate representation of

typical in-vivo grasping (specification 4).

4.5.1 Design of the Test Rig Structure

The redesigned rig structure was made from a larger profile (40 x 40 mm) of Bosch
Rexroth extruded aluminium bar, and included adjustable feet, to ensure a level set-up, and a
door for easy access (Figure 4.19). Perspex panels were used for added safety. The actuator
was secured to the base of the rig so that it did not move when applying a force, as the previous
design would allow the actuator to gradually slide up the frame, affecting the rig accuracy.
The same loadcell linkage connector was used, as in the first rig design to connect the grasper

shaft to the loadcell. Another part was manufactured from stainless steel to connect the
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loadcell to the new actuator. The grasper mount was integral to the rig frame. This would
again add to the rigidity and prevent any unwanted slippage when grasping. The grasper

mount was secured through a crossbar in the rig (Figure 4.19).

Grasper
Mount

Grasper
Linkage

= €— Connector

Figure 4.19: The redeveloped rig design showing the modified grasper mount and
actuator fittings.

The tissue preparation and holding method were changed to ensure that histological
analysis was as accurate as possible and that no other factors would affect these results, so
that any damage analysis was true for the applied force and not dependant on the preparation
of the sample. Instead of grasping an opened section (Figure {.20a)), the full colon cylinder
is grasped (Figure 4.20b), ensuring that the grasped area is not damaged prior to testing.

Because the samples are prepared before testing, when using an opened section, each edge
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has already been cut, and as a result has cellular damage no matter which way the sample is
orientated. When using the full cylinder, the sample can be grasped so that none of the cut
areas are being grasped. This improves the accuracy of the histological analysis and keeps

the grasp as close as possible to that used in surgery.
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Figure 4.20: Different tissue grasping methods, showing (a) an opened colon section
with grasped area overlapping pre-cut area, and (b) the full cylindrical grasp showing
no overlap with cut areas.
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Figure 4.21: Redesigned tissue mount; (a) a diagram of the set-up and tissue
attachment, with grasped fenestrations, and (b) a CAD model of the new design.

A new tissue mount was manufactured out of aluminium. It allowed a segment of colon
to be sutured to it and suspended in the grasper jaws. Between cycles the bracket is moved

so that a fresh area of tissue is exposed to the jaws. This removes the chance of unnecessary
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damage to the samples when cutting, and allows for cylindrical grasping, which is a more

likely scenario in surgery, and ensures the samples are not damaged prior to testing

(Figure 4.21]).

4.5.2 Hardware Set-up

A higher specification linear actuator (SMAC Inc., LAL95 (Appendix A])) was selected to
apply the force along the grasper linkage. The actuator configuration is capable of providing
an instant maximum force of 195 N, or a continuous force of 89 N. However the actuator will
be able to withstand 100 N for one minute grasps provided the controller is allowed a 2-3
minutes ‘cool down’ period between each grasp, as a large current is drawn at higher forces.
This meets the stated grasping time requirement (spec 3) of the specification (section 4.2).

The same loadcell has again been used to measure the applied force along the shaft of the

grasper and is connect to the PC via the same amplifier and DAQ device (Figure §.22).

2mV/N

Loadcell

Encoder TTL
" N Actuator

0-48V

Figure 4.22: System diagram for the redeveloped rig, showing data connections and
voltage ranges.

4.5.3 The Design of the LabVIEW Interface

A new LabVIEW program and GUI were developed to provide an improved control
interface of the test rig (Figure 4.23). There are 5 possible actions which can be performed.
By pressing the ‘STOP’ button, commands are sent to the actuator controller to turn the
motor off, and then the program is stopped. The ‘Set Home’ button sends a command to the
controller to deactivate the actuator leaving it free to be moved. A window is then displayed
to instruct the user to move the actuator to the desired ‘home’ position then press ‘OK’, at
which point the controller is instructed to set this position as its start point. This command
is used after first starting the program, to open the grasper jaws ready for testing. The ‘Zero
Loadcell’ button samples readings from the DAQ device for 3 seconds and takes the average
of these, then stores this to convert later test readings to give accurate results. This is essential
to account for added force on the loadcell from the grasper linkage and connector weight. By
pressing the ‘Single Test’ button the program begins the test procedure. The ‘Abort Test’

button can be pressed at any point during the test procedure to return the actuator to the home
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position. This can prevent the rig from damaging the mechanisms or to prevent injury to the

user. Finally the ‘Save’ button takes the test data and saves this in an excel spreadsheet.
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Figure 4.23: Main LabVIEW GUI for redeveloped rig program.
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Figure 4.24: The master slave parallel loop setup.

The previous program used a polling method to advance the actuator position and then
check the force reading. The new program sets the target speed for the actuator to move at,
then sets the end position. Once the desired force target is reached, the actuator is stopped for
the desired time, then returned to the start position. If the end position is reached before the
target force, the actuator is returned to the start position and an error is displayed, preventing

the actuator from damaging itself. The program also uses a master-slave parallel loop with
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a notifier, where the master loop is in control and focusses on reading the force signal, then
sends notifications to the slave loop which logs the position (Figure[#.24). This ensures quick
capture of the force readings so no readings are missed, and the latest reading is acted upon
to reduce the degree of force overshoot. Both readings are logged against time to ensure that

if readings are missed, the data is still synchronised.

4.5.4 The Actuator Controller Serial Communications

The actuator uses a controller (SMAC Inc., LAC-1 (Appendix A)), which converts the
RS-232 serial commands into the desired position and force from the actuator. The controller
uses a PID control loop to control the movement of actuator, giving a smooth, stable motion,
where the PID constants are sent to the controller via the serial communication before any
motion can be performed. The RS-232 serial communication standard (Figure uses 10
digital bits to transfer information. This includes a start and stop bit which are set high to
ensure devices reading the signal remain synchronised. Transmitting and receiving devices
must also use the same Baud rate, which defines the number of bits sent or received per
second, typically 9600 bit/s. The remaining eight bits are used to send the data or message
by setting them either high or low with the least significant bit sent first.

Start |

0/1i0/1§0/1i01ionionionion

Stop

Figure 4.25: The RS-232 serial communication standard.

The SMAC controllers use a Baud rate of 9600 bit/s and signals are sent using the
American Standard Code for Information Interchange (ASCII) which converts the alphabet,

numbers and other characters, such as space, carriage return or punctuation marks into 8 bit
binary numbers (Figure 4.26)).
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Figure 4.26: ASCII characters binary serial signal examples; (a) the letter A (binary
value 65), (b) the number 5 (binary value 53).
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Two LabVIEW sub-programs were designed to read and write values from the controller.
This used a string generator which took the commands and values (if necessary) and created
a string of information which is then passed through the PC’s serial port using the inbuilt
LabVIEW component. Once received by the controller, the same message would be ‘echoed’
back to the PC which could then be read and checked against the sent message to ensure it was
correct. If any data was requested, this would subsequently follow the echoed message. The
controller uses a termination character (carriage return) to indicate the end of the message,

which can be removed from the replies, and the result can be converted into numerical values.

Command
CommandValue
Value
Reply
ReplyValue

Value

(b)

Figure 4.27: The program system for (a) generating the write commands and (b)
reading the returned replies.

Command ASCII | Definition

Motor ON MN Used to turn the actuator on.
Motor OFF MF Used to turn the actuator off.
Set Velocity SVn | Sets the target velocity ‘n’ of the actuator.

Define Home | DH | Sets the current position to home.

Tell Position TP Returns the current absolute encoder count.

Go Home GH | Moves the actuator to the home position.

Table 4.1: Typical commands used to control the actuator sent to the controller via
RS-232 from the PC (7.6.5).

For each command sent, there must be a short delay of approximately 100 ms to ensure
the controller has received it fully. To improve the efficiency, the LabVIEW read and write
VIs use the echoed string check as an indicator that the controller has received the command,

and does not act until this has occurred. Instead of waiting for the desired time, the program
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acts immediately, ensuring the system responds as quickly as possible. This is also another
reason for not setting each individual position of the actuator, allowing the velocity control

to determine when to move.

4.5.5 The LabVIEW State Machine Structure and Control

The program implements a queued state machine which removes unnecessary processor
demand between grasp cycles as the program will wait until it receives a command. This also
contributed to a neater wiring diagram, allowing minor alterations to be performed easily.
This provides a more modular programming approach, enabling modifications to be made
more easily and quickly than in the previous linear program. Rather than incrementing
individual positions, the actuator velocity and desired end position are set to give a smoother
motion. On starting, the different actuator configuration parameters (describing positional
limits, resolution, etc.) are sent to the actuator controller, and the loadcell is zeroed. This
ensures that the program is able to communicate with the hardware and will indicate any
errors immediately. The program then sits in the ‘Listen’ state until a user input is specified
via the GUI (Figure [4.28).

No Input

D=0

F <Fr

Figure 4.28: State diagram of the redesigned rig’s program test procedure, where D is
displacement, F' is current force, F'r is force target, T" is current time and 77 is time
target .

When the test procedure is started the program moves to the HOME state, where the
controller sends the actuator to the home position to ensure all tests begin at the same point.

Once at the home position (i.e. displacement is 0), the program moves to the START state,



4.5. REDEVELOPMENT OF THE LAPAROSCOPIC GRASPER TEST RIG 121

which sets the desired speed at which the actuator is to move, and sets the end position target
before entering the DATA state. Here the program starts recording data with the DAQ device
and then the actuator is told to move. Note that even with the velocity and end target set, the
actuator will not move until told to do so. Once these initial procedures have been performed,
the program enters the GRASP state where the program continuously logs the data from the
loadcell, while measuring the position of the actuator until the loadcell reading passes the
desired target (which has been set by the user). Once the force target is reached the program
enters the HOLD state, at which point the actuators velocity is set to zero, ensuring it remains
stationary for the desired time, during which time the force is still continuously measured
from the loadcell. Once the target time has been reached, the program moves to the OPEN
state where the actuator is sent ‘home’ and the position and force logged until it reaches the
start point (i.e. displacement is 0). Here the program moves to the STOP state where the

DAQ device is stopped and the program is instructed to return to the LISTEN state.

Desired Demand Control )
Force c DError LabVIEW Position Controller Voltage Actuator Motion
v Program
Actual Actual
Fotce Position
Optical 23
Encoder
Loadcell <

Figure 4.29: Control diagram highlighting desired force input to LabVIEW program
demand position sent to the controller and converted to a control voltage for the
actuator, with the actual position fed back to the controller via the actuator’s internal
optical encoder and actual force sent to the LabVIEW program as measured by the
loadcell (Changeable sections in black, limited change in red).

The degree of overshoot is determined by a number of factors which affect the control
loop (Figure #.29). The PID settings are preconfigured by the manufacturer to provide
minimal overshoot and a smooth motion within the current limits of the actuator. Controls
such as the speed of the actuator, the sample rate, and efficiency of the program can be

optimised to give the best performance and are discussed later in this chapter.

4.5.6 Validation of the Actuator Positon

To determine the repeatability and accuracy of the rig, the position and control loop were
tested. To provide a true position measurement, a micro-laser linear displacement sensor
(LM-10, (Appendix A)), with positional accuracy of 5 um, was used to measure the position of

the actuator rod. The laser sensor was secured above the actuator and loadcell (Figure |4.31)).
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The loadcell was included when validating the position to validate the full assembly of the

design.

Laser

Displacement

Sensor

Connector ™

Figure 4.30: Redesigned rig displacement validation set-up with actuator, loacell and
laser sensor.
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Figure 4.31: Redesigned rig SMAC actuator position validation graph for 3 up/down
sweeps with linear fit (fit; ' = 0.95V + 0.11).
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The actuator was passed through the full range and the laser reading was logged against
the actual encoder position for 3 up and down sweeps. The results show accurate and
repeatable position measurements from the actuator (Figure 4.31)). This ensures a smooth
closing motion of the grasper jaws due to the higher positional resolution of the actuator rod

(improved from 0.5 mm to 0.005 mm).

4.5.7 The Optimisation of the Control Loop

As discussed previously, the factors which affect the control of the system can be
optimised to run reliably and also give the fastest grasping rate with repeatable limited
overshoot of less than 5 % (specification 2 (section #.2))). One factor affecting the control
of the system is the sample rate. A fast sample rate ensures that data is captured quickly,
allowing the program to respond faster as the force passes the target, reducing the overshoot.
However if the system runs too fast the time between readings can become inconsistent.
By limiting this variation in time measurements an optimum sample rate can be found. The
desired sample rate was reduced by 100 Hz from 1 kHz to determine the fastest actual sample
rate. The time between samples was logged for 3 grasping cycles and the standard deviation
was calculated. The fastest possible sample rate was 500 Hz (Figure 4.32)). At this point the

standard deviation was 0.03, showing little deviation in time between samples.
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Figure 4.32: Redesigned rig control loop sample rate validation graph.

A sample of Sorbothane (DURO 40) with a Young’s modulus similar to soft tissue

(approximately 1.70 MPa), was grasped at 10 N for five seconds for a range of actuator
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speeds to ensure the 5 % target is not exceeded for the minimum force. A fresh sample was
used for each grasp to ensure that the mechanical properties were consistent. The Sorbothane
is a uniform viscoelastic material with known properties which is used to determine the rigs
capabilities. From the previous in-vivo work (section[3.8.3)) the average grasping speed during
the force application was shown to range from 0.3 mm/s up to 3.0 mm/s, with average values
lying between 0.5 mm/s and 2 mm/s, therefore the higher end of this range will be tested first
to see if there is an optimum maximum speed. The approach speed of the actuator was varied
from 1.5 mm/s up to 3.5 mm/s in 0.5 mm/s increments. The force overshoot was logged over
5 repeats. A speed of 2.5 mm/s provided the fastest response, while keeping the overshoot
below 5% (Figure §.33).
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Figure 4.33: Redesigned rig control loop actuator speed validation graph for 5 repeats,
with standard deviation (5% threshold indicated by red line).

To establish the abilities of the rig, a sample of Sorbothane (DURO 40) was grasped for
5 seconds with target forces from 10 N to 100N with 10 N increments, using the previous
actuator speed result of 2.5 mm/s. The Sorbothane provided a uniform material on which
to test. Due to the larger standard deviation for the 2.5 mm/s actuator speed (Figure {.33)),
the force overshoot was logged for 10 repeats to ensure the grasping does not exceed the 5
% target overshoot. This test aimed to show how the control system performed over the full
grasping force range. For 10 N to 30 N the overshoot is less that 1 N (Figure [4.34). Above
this force the overshoot is maintained to between 1-2% which is negligible when compared

to the maximum forces being applied [[175].
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Figure 4.34: Redesigned rig control loop overshoot validation graph for 10 repeats with
standard deviation (5% threshold indicated by red line).

The validation results showed that the system control can reliably provide grasping forces

with an overshoot of less than 5%, and are repeatable over numerous grasps.

4.6 Concluding Remarks about the Final Design

The improved test rig design has allowed for increased precision of grasping forces with
linkage force overshoot limited to less than 5 % for lower forces (< 30 N), and under 3% for
higher linkage forces (30 — 100 N). This has been achieved by integrating a high precision
(£5 pm) positional accuracy actuator and improved control loop utilising parallel processing
to ensure the rig responds as quickly as possible. Redesigns to the rig structure have added
rigidity to ensure the set-up does not flex during testing, giving high repeatability and reliable
results. Finally changes to the tissue holder have allowed for the test set-up to give a closer

representation of typical in-vivo surgery and limited tissue damage to the grasp site.

4.7 Conclusion

A laparoscopic grasper test rig was developed to meet the specification (section §.2)),
which it met in the following ways. The rig is able to accurately control the grasping of a

double action laparoscopic grasper and apply a linkage force range of 10 to 100 N, for up to
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one minute, with a limit overshoot of less than 5 %. The force and displacement are measured
along the grasper shaft (resolution 0.005 mm), to match previous in-vivo work (section [3.3).
The redesigned set-up used a higher specification actuator system to achieve this, with an
improved LabVIEW program which allowed for faster data capture. The tissue holder allows
for cylindrical grasping of the colon, to simulate as close as possible to in-vivo surgery
without inducing excessive tissue damage to the grasped area. Suitable safety measures were
implemented into the design in the form of a door on the front of the rig, which can be closed
during testing, a reminder in the program to close this door before executing a test, and
an ‘abort’ button integrated in the program to open the grasper if anything should happen.
The LabVIEW program also allowed the user to vary the applied grasping force and time,
displaying the force and displacement data after each grasp. The rig is manufactured using
aluminium and stainless steel parts which can be sterilised, as well as being disassembled for

thorough cleaning.



Chapter 5

Ex-vivo Tissue Damage Investigation

5.1 Introduction

The ex-vivo tissue testing work involved in the first instance, the development of the tissue
tester followed by the analysis of the mechanics of tissue. Supporting histology enabled the
extent of damage to be determined after the tests, and it is this information which is integrated
into an intelligent grasper, which is subsequently described in chapter [§] By fitting the five
element Wiechert model (section[2.3.2)) to the tissue time response data, this can indicate how
the magnitude of applied force affects the tissue response. From this the tissue mechanics
can be understood. This method gives direct and quantitative measures of tissue mechanical
properties, to be linked to clinical measures of damage which have been qualitatively assessed
by histology. The mechanical measures allow a fast and convenient means of identifying

tissue damage, with the potential for real-time intraoperative use.

5.2 Laboratory Setup for Ex-vivo Tissue Testing

A reusable, short, fenestrated, atraumatic grasper (part no. 101-48020, Surgical
Innovations Ltd.), with a 5 mm shaft diameter and length of 305 mm was used for the ex-vivo
testing to match the previous work carried out in-vivo (section [3.7). The sample used was a
cylindrical length of porcine tissue, of approximately 20 cm. Due to the variation in width,
thickness and texture of the porcine colon over the full length, and the availability of the
tissue, the samples taken for each test were between the rectum and descending colon. This
ensured that the measurements taken were over the same area. Similarly due to the limited
colon length, there is one repeat at each force for each colon. It is first prepared by flushing
the sample with tap water to remove any debris. While flushing the sample before testing may
alter how realistic the test is (in surgical procedures, the colon may or may not have residual
debris after being prepared), a clean sample gives higher repeatability of measurements and
keeps the samples consistent. Colon samples were suspended between the grasper jaws via
the tissue mount (Figure[5.1).

To match the in-vivo work, the full fenestrated area of the grasper is used to perform the
grasp. Between each grasp cycle the sample was moved along by approximately 3 cm to give

appropriate space between to separate after testing, without inducing damage to the grasped

127
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area (Figure [5.2). The full length of the sample was used, with typically around 5 - 6 grasps
performed.
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Figure 5.2: Ex-vivo colon tissue sample spacing between grasped areas to provide space
to separate samples without inducing extra damage.
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The actuator begins retracting (1), until the grasper comes into contact with the tissue (2)
and then continues until the desired force reading is measured along the shaft (Figure [5.3).
At this point the grasper position is maintained for the desired grasping time (3), and the
force readings are logged. After this time the tissue sample is released by the grasper (4), the
actuator 1s returned to the open position (5), and the data saved.

1 2 3 4 5
Retraction Force Position Force Extension
Motion Increment Hold Release Motion

Figure 5.3: Ex-vivo grasping cycle for the laparoscopic grasper test rig, showing the

linkage retraction (1), force incrementing (2), position maintenance (3), sample release
(4), and the actuator extension cycle (5).



5.3. DATA ANALYSIS METHODOLOGY 129

5.3 Data Analysis Methodology

For each grasp a summary measure, termed force relaxation’, was used. This is defined
as the difference between the maximum and minimum force over the grasp time before
releasing the grasp, denoted by AF’ (Figure [5.4)).
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Figure 5.4: A typical response showing the method of determining the change in force,
AF, over the grasping time, from the maximum, F;,, ., to the minimum force, F,,;,.

The resulting relaxation profile can be compared to the previously discussed model
responses (Figure[2.22)) (section[2.3.2). For a step strain test, the Maxwell and Kelvin models
show a similar profile, where the force shows a sudden increase, followed by an exponential
decay. For the Maxwell model, this decays to zero, unlike the response shown in this work.
The Kelvin model shows a similar response, where the force decays to a set point. However
the response in this work suggests that a more complex model is needed for the very fast

initial decay, followed by a slower relaxation.

For each result the tool-tip force was plotted against the jaw angle to show the hysteresis
in the grasp (Figure [5.5). This hysteresis, termed ‘work done’, is the amount of energy
dissipated by the grasper on the tissue sample, and is found from the integration of the

encapsulated area of the force/displacement curve.
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Figure 5.5: A typical response showing the method of determining the work done by
the tissue during the grasp as the encapsulated area (blue) when tip force and angular
displacement are plotted together.

The work done by the grasper on the tissue shows the energy dissipated, which could
be converted in a number of ways. These potentially include a small amount of heat, which
would radiate to the surrounding tissue, the breaking of chemical bonds in the tissue structures,
and possibly the potential energy stored in the tissue which would show as the tissue relaxes
after being grasped. Observing this parameter will show how the tissue responds to an

increase in energy rather than just input force.

5.4 Tissue Mechanics Investigation

This investigation aims to establish if and how the the mechanical properties of porcine
tissue may change for increasing grasping forces. This study aims to identify key points
through a detailed investigation, by focussing on the force range 0 - 100 N and show detail
of the tissue relaxation response. By analysing the mechanical response of the tissue, a
higher number of test results can be analysed in a faster time than is possible when using
other measures of damage. The MATLAB program was written and developed by Zahra
Ehteshami [24 1], to extract the model parameters from the relaxation curve. Data analysis of

these parameters was performed by myself, along with the interpretation of the data.
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5.4.1 Tissue Mechanics Methodology

The cylindrical porcine tissue samples were grasped using the full fenestrated grasper
surface at forces from 5 to 100 N linkage force with 5 N increments. The tissue was
grasped for 60 seconds to give the higher repeatable relaxation characteristics. The small
force increment will highlight areas of interest where the tissue mechanics may change.

As discussed in the literature review (Section [2.3.2) an effective model for representing
the tissue relaxation is the five element Wiechert model (Figure [5.6). The model uses the
five parameters (E1, E2, EO, n1, n2) as two Maxwell models (spring and dashpot) in series
with a single spring element to characterise the relaxation [113]. The five element model
is used above other combinations as this gives the lowest error between the fit and actual
data compared to other combinations, but with the lowest complexity. When compared to
the Kelvin model, the Wiechert has 2 viscous element, resulting in 2 time constants and can
represent a more complex response, with a fast initial drop in force, followed by a slower
relaxation. Higher element models could also be used to describe tissue relaxation, but

typically does not noticeably reduce the fit error, but will increase the complexity.

El E2

Figure 5.6: The five element Wiechert viscoelastic model for soft tissue analysis.

The equation of the model shows the two time dependant elements and single elastic
element (Equation |5.1J).

E(t) = Eye /™ + Eye V™ 4 (5.1)

From E; and n; for each spring and damper combination, the relative time coefficients
can be found (Equation[5.2).

The model has been previously implemented in MATLAB [241]], to determine the five
parameters using the Least Squares method. For this method, initial parameters need to be
determined and are found using a basic three element model, Kelvin model (Figure[5.7), and

determining the half-life response of this. The parameters are found from this response and
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input in the five element model as an initial starting point. This improves the reliability of the
fit, compared to starting without initial values which could lead to more iterations needed, or

a solution not being found.

El

Eoé
ni

A

Figure 5.7: The three element Kelvin viscoelastic model for soft tissue analysis.

For each result the model was fitted against the relaxation curve (F},,, to F,,;,) and the
parameters calculated (Figure [5.8)). The typical fit was generally close (< 1% error) to the
tissue response data (Figure [5.8al), although the higher force data typically had a noisy signal
(from the actuator motors), but the fit still followed closely, as indicated by the smoothed
signal (Figure[5.8b). Alongside these measurements, the samples were also photographed to
observe any correlation between the tissue modelling characteristics and visual differences
in the tissue. This could provide an instant method of determining tissue changes or trauma,

instead of using previous methods which require a long analysis period.
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Figure 5.8: Model characteristic graph, showing (a) the force relaxation (black), the
Wiechert model fit (red), and the Kelvin model fit (green) for a low noise signal, and
(b) force relaxation (black), Wiechert model fit (red), the Kelvin model fit (green), and
smoothed data (blue) for a noisy signal.

The single spring element £, describes the initial instant relaxation observed in the

response curve, demonstrating the tissues elastic response, as this has no viscous element,
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and hence no time coefficient. The spring-dashpot combinations, £, n; and Ejs, 1 represent
the middle and final stage of relaxation. Typically £; should be greater than Fs as the middle
stage still exhibits elastic behaviour, but with an increasingly apparent viscous component.
Also 72 should be greater than 7, leading to a greater time constant 7 which is the remaining

component of relaxation over the final stage of the response.

5.4.2 Tissue Mechanics Results

Tip forces were calculated and used to plot the data against, to give a closer representation
of the forces applied at the tissue tool interface. Observations of the force relaxation
(Figure @]) shows a clear trend, as the force increases so does the amount of relaxation
occurring in the sample, up to a minimum of 2.11 N tip force. From here to 2.55 N tip force,
there is a sharp decline in the amount of relaxation observed in the sample, suggesting a

critical point in tissue grasping where the mechanics dramatically change.
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Figure 5.9: The tissue relaxation (A F') for the 60 seconds grasps, of (a) the 5 different
colons over the full tip force range (proposed threshold of 2.55 N shown), and (b) the
repeatability of results (the mean relaxation for each tip force).

Using the normalised relaxation values (Figure[5.10)), this critical force is emphasised, and
highlights that this does not occur again at higher tip forces. There is a single point at which
the response of the sample changes, and from this point the relative relaxation in the tissue
increments again with an increasing force. Also note the points from colon 4 and 5 which lie
along this decline, suggesting that the breakdown in the tissue progressively decreases and
not in one single sudden drop. This suggests that the change in the tissue structure is not an
instant effect, such as the tissue cells bursting, but is a gradual transition, such as pushing
an increasing amount of fluid out of the tissue and away from the grasp site. This higher

threshold will therefore be used as this is the minimum value beyond which all data exhibit a
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force relaxation of less than 20%.
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Figure 5.10: The normalised tissue relaxation (A F'%) for the 60 seconds grasps, of (a)
the 5 different colons over the full tip force range (proposed threshold of 2.55 N shown)),
and (b) the repeatability of results (the mean relaxation percentage for each tip force).
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Figure 5.11: The work done for the 60 seconds grasps, of (a) the 5 different colons over

the full tip force range, and (b) the repeatability of results (the mean work for each tip
force).

The work was plotted against the maximum tip force (Figure [5.11)) and results show that
as the applied force increases the work increases, which is to be expected, however past
the critical point the response becomes more variable and it is difficult to infer any further
information from this. Also the same breakdown in response is not seen in the work data.
For increasing tip forces, the work increases, approximately linearly. Because the work is a
measurement of the energy dissipated by the grasper into the tissue, when compared to the
percentage of force relaxation results (Figure these results suggest that as the amount



5.4. TISSUE MECHANICS INVESTIGATION 135

of energy put into the tissue is increased, the mechanism for energy conversion changes from

potential/elastic energy to another (possibly heat, or chemical changes).
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Figure 5.12: The work done by the tissue, plotted against the normalised tissue
relaxation AF % to indicate the work damage threshold of 5.68 J (red).

The work was then plotted against AF% to investigate if there is relation between the
work done by the tissue, and the observed relaxation, i.e. how the tissue responds to an
increase in grasping energy (Figure[5.12). The results indicate a clear upper threshold (5.68
J), beyond which all levels of work give a value of AF% of less than 20%, suggesting that
this level of work crushes the tissue layers beyond their limit, where the cell cannot relax any
further. Also this highlights how there seems to be an apparent change in how the energy
is transferred. Instead of converting the energy into elastic energy, the mechanism seems to
change, possibly by releasing heat, or by breaking chemical bonds in the tissue cells. There
is a transitional state between 2.25 and 5.68 J where differences in tissue thickness and the
composition of the different layers will determine at which point the structure breaks down.
Therefore the upper limit will be used to indicate a threshold as beyond this, all samples
were affected. From these results, two different thresholds have been established indicating
the change in the tissue mechanics. This has been investigated further using the Wiechert
modelling (Figure[5.13).

To analyse how the tissue response characteristics are changed over the grasping range,
the resulting response parameters have been plotted against the tip force (Figure [5.13)). The
results from this build on the analysis from the force relaxation data, and the work data, by

attempting to show how the tissue response characteristics change, and potentially highlight
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which mechanisms change in the transfer of energy.
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Figure 5.13: The results of the Wiechert modelling parameters plotted for each of the
five different colons, over the full force range for each parameter (a) E'1, (b) E2, (c) n1,

(d) n2, (e) 71, and (f) 72.
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The values for 7; show a similar critical point where the viscosity increases as the applied
force is increased, and then suddenly drops. This suggests that by increasing the applied
force, the cell structure becomes more rigid [[109] until the critical point where the structure
is ruptured, the cells are no longer held together and there is little resistance against the
grasper. Similarly with 7, up to the critical point the viscosity is increasing, suggesting the
cell structures are responding by becoming more rigid. Pass the critical force, the cells are no
longer held together, as with the histology results (Figure [5.30a), and the effective viscosity
drops. However in this case, as the force increases, there are points where the viscosity rises
again, suggesting that deeper layers of the tissue are also responding to the applied force
(Figure [5.27b)). Using the values of Ey, E5 and 7, 1, respectively (Figure [5.13)), the time
response, 7, and 75 were calculated (Equation [5.2). The results of the time constants 7; and
79 similarly show an increase up to the threshold of 2.11 N where beyond this the results are
varied and difficult to predict. As with the viscosity results, this could be due to the break

down of the tissue structures and unique for each sample.
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Figure 5.14: The results of the Wiechert modelling plotted for each of the five different
colons, over the full force range for EO.

The results of £, show that the relative stiffness of the tissue increases as the applied force
is increased, showing that the tissue is becoming increasingly rigid in response to grasping.
However there is a jump at the critical force suggesting that due to the drop in viscosity in
other structures the remaining tissue layers become increasingly rigid to counteract this. This

also supports the observations of the work analysis in that the energy dissipation mechanism
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changes beyond the threshold. This is highlighted in the difference between the initial
stiffness gradient of £y and the gradient beyond the threshold, showing the inherent change
in the tissue’s characteristics.

Observations of the tissue samples immediately after grasping showed that for increasing
forces, the depth and visibility of the grasper fenestration indentation increases. A typical
control sample (Figure[5.15a)) shows the undulating surface profile of the porcine colon tissue,
with a similar result for the 0.41 N grasp (Figure [5.15b)) showing no visible signs of trauma

or fenestration indentations.

Grasper Orientation

(b)

Figure 5.15: Porcine tissue sample images, showing (a) the control sample surface with
typical undulations, and (b) a 0.41 N grasped section showing no signs of trauma.

Grasper QOrientation

Grasper Orientation

(@) (b)

Figure 5.16: Porcine tissue sample images, showing (a) a 0.84 N grasped section with
slight fenestration indentations, and (b) a 1.62 N grasped section again with signs of
grasper fenestration indentations.
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For the 0.84 N sample (Figure [5.16a) slight fenestration indentations can be seen, and

similarly with a higher grasping force of 1.62 N, the same degree of indentation can be seen.

|

Grasper Orientation Grasper Orientation

(a) (b)

Figure 5.17: Porcine tissue sample images showing (a) a 5.55 N grasped section with
clear deep fenestration indentations, and (b) a 6.95 N grasped section again with
pronounced grasper fenestration indentations.

For a grasping force of 5.55 N (Figure 5.17a) up to 6.95 N (Figure [5.17b) there are
clear and deep indentations from the grasper fenestrations. Below 5.55 N it is difficult to

distinguish between samples based on indentations alone.

5.5 Histology Damage Investigation

The histological investigation was used to highlight cellular damage, where the cell layers
are disrupted or compressed. The rig was used to grasp the colon samples, which were
then stored in a formaldehyde solution and processed. The processing was performed by
Jenifer Barrie, a surgeon working in collaboration with this project. This involved her setting,
staining, and cutting the samples, which were then photographed. The damage analysis and

grading were performed by myself, after receiving these images.

5.5.1 Histology Testing Methodology

A typical colon sample is comprised of five mains layers
(Figure [5.18). The outer layer is the longitudinal muscle which runs along the length of

the colon held in place with connective tissue which surround the whole colon. The circular
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muscle layer wraps around the colon, providing the main motion during peristalsis (although
this is also assisted by the longitudinal muscles). The submucosa is a layer of connective
tissue which provides support to the mucosa layer, and also secures this to the muscle layer.
The mucosa layer comes into contact with digested food in the intestinal lumen. There is also
occasionally a thin layer of connective tissue which surrounds internal viscera, but damage
and removal to this is not severe enough to cause concern, and is therefore not used as a

measure of damage.

Intestinal Lumen 4 &

\ < e z R i Mucosa Submucosa

Longitudinal Circular

5 mm Muscle Muscle

Figure 5.18: A cross section of a histological tissue sample of porcine colon for 3.00 N
grasping force over 5 seconds, highlighting the mucosa, submucosa, circular muscle,
and longitudinal muscle, typically surrounded by connective tissue.

Testing was performed on five different cylindrical porcine colon specimens (A - E). The
linkage force targets were 10, 20, 40, 70 and 100 N (chosen to give a spread of measurements
and the maximum 100 N), with grasping times of 5 and 60 seconds to simulate a quick
manipulation grasp, and a longer retraction grasp. By ensuring that the response has reached
a steady state (equilibrium) gives for a higher repeatability of measurements, which has been
investigated between the 5 and 60 second grasps. One colon (E) was used for both 5 and 60
second tests. Due to the long processing time for the histological analysis, specific forces
were chosen to link to the previous in-vivo analysis linkage forces (section[3.8.3)). 10 and 20
N relate to the lowest and average observed during the bowel run manipulation tests. 40 N
relates to the approximate maximum bowel run force and the lowest colon grasp force. 70
N was observed as the approximate maximum colon grasping force, and finally 100 N was
used as an absolute limit which was physically possible, to account for all potential values.
Before each grasp the grasper fenestrations were coated with a thin layer of Indian ink to
highlight the area which had been grasped, as with the in-vivo work. Indian ink was used
as it does not affect the chemistry of the sample, survives the histological tissue processing
and can be used to identify the grasped area in histological analysis. A control sample for

each colon was also preserved, using an ungrasped section, to highlight what the structure
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would look like unaffected and show any pre-existing abnormalities. After each test was
performed, the sample was placed in a falcon tube of formaldehyde solution to preserve
the tissue for histological analysis. The samples were then rehydrated and stained using
Haematoxylin and Eosin to highlight the cell architecture, and to emphasise physical tissue

damage. The samples were then sliced to give the cross section so any damage could be

observed (Figure [5.19)and [5.20) [240].

Figure 5.19: Examples of histological damage for single layer tissue grasping, showing
(a) a control area of the mesocolon, (b) a grasped section of mesocolon with mild
damage, and (c) severe mesocolon damage with areas missing or severely crushed [240].

(b)

Figure 5.20: Examples of damage across a single layer porcine colon grasp, showing (a)
crushed section where grasper made contact, (b) severe damage with removal of part of
the mesocolon where grasper made contact [240].
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5.5.2 Mechanical Modelling Results with Supporting Histology

The force measurements were converted to the tool-tip values using the previously

developed model (Section [3.4) to give an estimate of the forces occurring at the tissue tool

interface. The AF values were then plotted against the maximum applied tip forces for 5
seconds (Figure[5.2Ta)) and 60 seconds grasp time (Figure [5.22a)).
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Figure 5.21: The force relaxation, AF, plotted against the maximum applied tip force
for the 5 seconds grasps, for (a) individual colon sample trends, and (b) the mean and
standard deviation at each force.
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Figure 5.22: The force relaxation, AF, plotted against the maximum applied tip force
for the 60 seconds grasps, for (a) individual colon sample trends, and (b) the mean and
standard deviation at each force.

There is a higher repeatability for the 60 seconds grasps over the five seconds grasps. For

the lowest applied force, there is relatively little relaxation compared to the second force. This



5.5. HISTOLOGY DAMAGE INVESTIGATION 143

shows the highest force relaxation. Beyond this point the amount of relaxation is relatively
small. This could link to disruption to the tissue layers. The force relaxation was normalised
against the maximum applied force for each grasp to show the percentage of force relaxation
and give a clearer representation. These were then plotted against the maximum tip force
values for 5 (Figure [5.23a) and 60 seconds (Figure [5.24al).
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Figure 5.23: The normalised force relaxation, AF %, plotted against the maximum
applied tip force for the 5 seconds grasps, for (a) individual colon sample trends, and
(b) the mean and standard deviation at each force.
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Figure 5.24: The normalised force relaxation, AF%, plotted against the maximum
applied tip force for the 60 seconds grasps, for (a) individual colon sample trends, and
(b) the mean and standard deviation at each force.

Again a higher repeatability can be seen for the 60 seconds grasps. It is apparent that
beyond the second applied force, the percentage of force relaxation observed drops suddenly,

suggesting that an excessive amount of compression is placed over the sample, so little
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additional relaxation can occur. Each value of work was plotted against the maximum applied

tip force for five (Figure and 60 seconds (Figure [5.25b).
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Figure 5.25: The work done by the tissue, plotted against the maximum applied tip force
for (a) the 5 seconds grasps, and (b) the 60 second grasp.

Once again there is a higher repeatability of results for the longer grasps, but also beyond
the third force target, the repeatability drops suggesting that the the relaxation in the tissue
structures is a reliable measurement until excessive compression is applied, disrupting the
tissue layer structures. Exactly how these layers are disrupted will affect the response and
will vary with each test, leading to poor repeatability. The AF% measurements have been
investigated as a function of the work done by the tissue (Figure[5.26b). Time does not affect
AF% beyond work threshold, as outlined in the previous investigation. Below this point less

relaxation is observed in tissue.
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Figure 5.26: The work done by the 5 and 60 second grasps; (a) plotted against maximum
tip force, with average and standard deviation, and (b) plotted against AF %.
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Each test sample from colon E was processed [240], ready for slicing and photographing.
A number of sample images were not collected due to the poor outcome of the histology
processing. Also 1 repeat of the 10 N, 5 second grasp was not collected due to the limited
length of the porcine colon, E.

(b)

Figure 5.27: A histology sample image of the 6.95 N, 5 seconds grasp, showing (a)
the full cross sectional area, with trauma site highlighted in green, and (b) a higher
magnification image of the trauma site showing full damage to longitudinal and circular
muscle, with minor damage to the submucosa.

It can be seen from the 6.95 N (5 seconds) histology image (Figure that at this
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force, damage is induced in the longitudinal and circular muscle layers, with encroaching
trauma to the submucosal layer (Figure [5.27b). It can be inferred that this degree of damage,

at least, would also occur in the 6.95 N (60 seconds) grasp.

(a)

0.5 mm
Superficidl damage to

(b)

Figure 5.28: A histology sample image of the 5.09 N, S seconds grasp, showing (a) the
inked fenestration indentations, and (b) distruptions to the longitudinal muscle.

There are possible indentations from the grasper fenestrations seen, following signs of
Indian ink for the 5.09 N grasping over 5 seconds (Figure [5.28a). Over the full indented
section (2.85 mm) there are 4 distinct indentation spaces, which give an average spacing of

0.72 mm. The fenestration spacing as measure on the grasper is 0.86 mm spacing. Although
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this is not the same, it is of the same order of magnitude. The histological tissue processing
would likely affect this, and the sample has likely been unintentionally reshaped when
manipulated. Due to the presence of the Indian ink, it is possible to deduce that the
indentations are made by the grasper fenestrations, and that this has been made more

prominent by the force at which the tissue has been grasped, and is not seen elsewhere.

5 mm

B

Figure 5.29: The full cross section of a 3.00 N grasp over 5 seconds showing no evidence
of Indian ink and no clear indication of damage due to grasping.

For the 3.00 N grasping, little evidence could be seen of trauma for the 5 second duration,
including a lack of Indian ink. This is most likely similar to the previous discrepancy
whereby the cross section has missed the grasped area so nothing can be seen. For the 60
seconds grasp there are slight traces of the ink, and potentially showing slight agitation to
the top layer of the longitudinal muscle layer (Figure [5.30a). On the opposing side to the ink
(inferring that this site was also grasped by the opposing jaw) there is evidence that the typical

layer of connective tissue, which usually covers the longitudinal muscle has been removed

(Figure |5.30Db)).
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Figure 5.30: A histology sample image of the 3.00 N, 60 seconds grasp, showing (a) some
trace of Indian ink on the top layer of longitudinal muscle, which appears to have been
agitated, and (b) the removal of the connective tissue on the opposing side to the ink.

For the 0.84 N grasps with a 5 second duration, there initally appears to be a large amount
of trauma (Figure [5.3Ta). However this is likely to be an unfortunate result of the sample
processing, and not indicative of the induced damage. Due to this level of damage not
occurring at the higher forces, and traces of the Indian ink found elsewhere (Figure [5.3Tb),
this ‘damage’ can be ignored. I can be noted however, that the connective tissue which has

signs of ink, shows little damage, especially to the muscle and mucosa layers.
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Minimal damage to outer connective tissue

0.1 mm

(b)

Figure 5.31: A histology sample image of the 0.84 N, 5 second grasp, showing (a) the
full cross sectional area, with the inked site highlighted in green, and (b) the grasped
connective tissue showing negligible damage.

From the histological analysis, a table has been generated to show the available histological
samples and indicate the damage severity of each.
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Tip Force | ColonE | AF | ColonE | AF
(N) Ss) % (60 s) %
0.84 - - 4 74.54
1.62 X 47.82 X 68.20
3.00 v 8.98 v 18.98
5.09 v 10.37 v 11.54
6.95 v 343 X 10.71

Table 5.1: Table of histological samples shown against relaxation and colour coded
to show histological damage, with green (no visible damage), orange (superficial
distruption/compression), red (severe damage), and grey (inconclusive).

The results show a significant difference in tissue damage between the 0.84 N grasping
force of little or no damage for a 60 second grasp, to the 6.95 N grasping force with destruction
of both muscle layers and damage to the submucosa for a 5 second grasp. It has been inferred
that for a shorter grasping time at 10 N there would be a similar result of no damage to the
tissue layers, also for the a longer grasping time at 100 N there would be a similar severe level
of damage to the tissue layers. For the 3.00 N grasping over 60 seconds, slight disruption was
observed of the top layer of longitudinal muscle, and for the 5.09 N grasping over 5 seconds,

severe indentations were witnessed to this layer.

5.6 Conclusion

Ex-vivo porcine colon tissue testing was performed using the previously developed test
rig (section ). For each colon used, only one repeat for each force could be performed due to
the limited length of tissue samples. Samples were grasped and the tissue response mechanics
were investigated, to develop a faster method of tissue analysis and to give direct quantitative
measures of damage. Samples were also grasped and then preserved for histological analysis
to investigate damage on a cellular scale, to support findings from the mechanical
investigation. Analysis of the force data highlighted a critical force point beyond which the
relaxation in the tissue drops. This characteristic was also shown in the mechanical analysis,
using a fitted Wiechert model against the force relaxation responses to show the variation in
the mechanical properties of the tissue. This also showed how the modelled viscosity and
elasticity of the tissue changed as the force is increased. Over the critical force range 2.11
- 2.55 N (25 - 35 N linkage force) the viscosity of the tissue drops significantly. Similarly
the tissue mechanics were investigate as a function of the work done, highlighting another
threshold of 5.68 J. The duration of grasping was also considered and showed that beyond

this threshold the response showed no clear difference between 5 and 60 second grasps.
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This range covers forces and work typically used in in-vivo manipulations (section [3.8.3)),
indicating that surgeons are generally likely to disrupt the mechanical behaviour and as a
result increase the likelihood that the tissue will perforate. From observations of images of
the tissue surface immediately after grasping, it is not clear how the tissue has been affected,
and is difficult to distinguish between varying grasp forces, except for much higher forces
5.55-6.95 N (80 — 100 N linkage force). These findings represent a novel approach to tissue
damage quantification by using a typical laparoscopic tool with which to apply the force.
Observation of the histology analysis highlighted the degrees of damage induced in tissue
samples over the applied force range 0 - 6.95 N (0 - 100 N linkage force). Low tip forces,
around 0.84 N, showed no damage to any of the tissue layers, including the outer layer of
connective tissue. As the force was increased to around 3.00 N, slight disruptions could be
seen in the surface of the longitudinal muscle relating to the mechanical changes observed
previously. At 5.09 N there were clear signs of damage where the grasper fenestrations
made significant indentations in the longitudinal muscle. At 6.95 N there was substantial
tissue damage where the longitudinal and circular muscle had been completely destroyed and
the submucosal layer has been exposed. These threshold have been tabulated (Table [5.2)),

allowing for comparison to measured data.

Threshold Damage Type | Threshold | Description

Mechanical Force 2.55N The applied tip force beyond which the
mechanical response of the tissue breaks
down.

Tissue Work 5.681] Amount of work done by the tissue, above

which the mechanical response of the tissue
breaks down.

Histology 555N The applied tip force beyond which the

tissue layers are destroyed.

Table 5.2: The observed thresholds from ex-vivo tissue analysis.

These tests have shown the difficulties in using histological analysis as a means of
determining tissue damage. These include the subjective nature when observing the samples,

but also the inconsistency with sample processing, and the often low yield (Table [5.).
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Chapter 6

Intelligent Grasper Damage Prediction

6.1 Introduction

As indicated in the literature review (section [2.4.2)), previous research has investigated
multi Degrees Of Freedom (DOF) grasper designs to measure in-vivo surgical task parameters
such as grasping and retracting forces, as well as handle positions [160]. The data (typically
grasping, retraction and tip force, handle motion, and shaft rotation) for each surgeon (trainee
or expert) is then compared to other users performances to give an indication of surgical
skill. The work has not then been used to investigated tissue damage caused during particular
tasks. Other investigations have aimed to measure the amount of trauma caused to tissue
samples (liver, colon, etc) by varying the structure used to compress tissue, which relates
to grasper geometry and fenestration design [53]]. However this work has not been linked
to in-vivo measurements. Investigations into in-vivo tissue characterisation involved the use
of a Motorized Endoscopic Grasper (MEG) to control the force applied by a laparoscopic
grasper, and measure the tissue response. However this work focusses solely on measuring
the tissue properties and does not quantify this against typical grasping, as the device removes
the ability to perform natural grasping [100]. Previous work carried out in this project has
investigated the typical grasping forces found in surgery (section [3.8.3)), which have then
advised ex-vivo testing methodologies to show how those grasping forces can induce tissue
damage to porcine colon samples (section [3).

Drawing from the previous findings (chapter[3)), this chapter aims to develop an algorithm
to predict the level of tissue damage caused during in-vivo surgical grasping, based on the
grasping force and work done, allowing for analysis of grasping data to help reduce or
prevent iatrogenic tissue damage. The algorithm can be used post-operatively, on data already
collected, and in real-time, but the implementation of the algorithm differs slightly for both
these applications. Combining this damage algorithm with the previously designed

Instrumented Grasper provides the basis of the Intelligent Grasper.

6.2 Development of the Tissue Damage Algorithm

To develop the algorithm, firstly a system diagram was drawn to highlight the desired
inputs and outputs (Figure [6.I). The algorithm will use inputs from the force-time and
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displacement-time data along with the thresholds previously found from ex-vivo porcine
tissue testing (section E]) The mechanical threshold force (2.55 N tip force) relates to the
critical point at which the tissue resistance breaks down found from the mechanical modelling,
the work threshold (5.68 J) is found from the hysteresis graph and indicated the damage
caused from work done by the tissue, and the structural threshold (5.55 N tip forces) is found

from the histological analysis where significant damage is done to the tissue layers.

Mechanical Structural
Threshold Threshold

m “r k
| ForceData Thre(s);lold

Tip Force (N}
;

Damage
Prediction

> Grasp Time

Algorithm

Displacement Data

Jaw Anghe (degre

5 o
Time (seconds)

Damage Grade

Figure 6.1: The damage predication algorithm, which uses force and displacement
data from the instrumented grasper, along with pre-determined thresholds, to give the
grasping duration and a predicted damage grade.

Using the system diagram (Figure [6.1)), in-vivo manipulation data was observed to
understand the typical force and displacement profiles. This ensured that regardless of the
measurements from the instrumented grasper, the algorithm would still be able to process the
data and output the required characteristics. For example if the force were to fluctuate above
and below a damage threshold, the algorithm should be able to determine to total time above
this threshold, instead of just one instance. From this the algorithm was developed in the

following steps.

Step 1. Negative grasping forces are removed or ignored. This is due to the grasper jaws being
opened to their maximum, causing a compressive force to act across the instrumentation

loadcell, and is not indicative of a grasp taking place, therefore it can be dismissed.
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Figure 6.2: In-vivo force-time data with zeroed line (red).

Step 2. Any ‘empty’ grasp data is removed or ignored. An ‘empty’ grasp is observed when
the user applies a grasping force (i.e. closes the grasper jaws) with nothing placed
inside the jaws. This causes a grasping force to register even though tissue has not
been grasped. By observing the jaw angle, forces which are applied when the jaws are
fully closed, measuring 0.1 degrees or less (0.1 used to take noise into account), are not

being applied to tissue and therefore can be dismissed.

30 epm—r

S |
4 \ ~ 20 = e m— \ S
. 8 \
z El '\
23 z 154 | b
[} 2 I
= B |
B < 104
B 2
E
=
5
i
Force applied at 07 is ‘
04 removed N
0 T T T T T T Y T ¥ T 2 T T T ¥ T b T L T ¥
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14 16 18
Time (s) Time (seconds)
(a) (b)

Figure 6.3: In-vivo grasping data, of (a) the force data, and (b) the angle data,
highlighting empty grasping.

Step 3. From the remaining data the total grasp time is calculated. To represent the data clearly,

the results are compared to the time spent grasping, rather than against the whole
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procedure length. This is shown as both the time value and as a percentage of the
overall grasping time. This ensures that the time between grasping does not affect the
results, as this does not affect the tissue damage. Also the surgeon’s performance can
be compared to others.

6 1 ! I ' L]

Total grasp time

Tip Force (N)

T y T v T T T
6 8 10 12

Time (seconds)

[
g

Figure 6.4: In-vivo force data highlighting grasping time (blue).

Step 4. The work done can be found by plotting the force against the displacement for the total
grasp time. The hysteresis can then indicate the work done (Figure[6.5)).
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Figure 6.5: The force-displacement graph showing the hysteresis (work) from the
encapsulated area (blue).
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The time, and subsequently the percentage of time spent above the threshold is

determined. If during a grasp the force fluctuates above and below the threshold, only

time above this is counted.
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Figure 6.6: In-vivo force data highlighting first threshold (blue).

Step 5. As with the above step, the time and percentage of time spent above the threshold

is determined taking into consideration any force fluctuations above and below the

threshold.
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Figure 6.7: In-vivo force-time data highlighting second threshold (blue).
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Once the grasping durations have been determined, the damage grade is given. From the
ex-vivo tissue mechanics investigation (section [5)) a table has been derived to determine the

grade of tissue damage, based on the applied tip force and work done by the tissue (Table[6.I).

Threshold Damage Type | Threshold | Description

Mechanical Force 255N The applied tip force beyond which the
(Force too high) mechanical response of the tissue breaks
(Mechanical Damage) down.

Tissue Work 5.681J Amount of work done by the tissue, above
(Work too high) which the mechanical response of the tissue
(Mechanical Damage) breaks down.

Structural 555N The applied tip force beyond which the
(Force too high) tissue layers are destroyed.

(Cellular Damage)

Table 6.1: The observed thresholds from ex-vivo tissue analysis.

6.3 Implementation of the Tissue Damage Algorithm

The steps developed above have been implemented for post-op analysis and real-time data
capture to allow the damage grading to be performed in training scenarios (post-operatively)

and potential surgical use (real-time).

6.3.1 Post-operative Analysis of Tissue Damage

A MATLAB script has been written using the above steps and table (Appendix BJ). This
measures the necessary data, and then gives the user a grade of damage. The benefits of
this method is that the whole data can be instantly analysed and an overall grading given.
This was developed using the data found from the ex-vivo testing (section [5), which has then
been used on the in-vivo data. Using the previously collected in-vivo data (section for
the colon manipulations and grasping, a grading level has been given. This highlights what
would have been shown if the Intelligent Grasper were used.

The results of the in-vivo damage grading show that when performing fast manipulation
tasks, such as the bowel run, there is minimal force applied to the tissue to ensure efficient
motions (Table[6.2)). This results in a relatively low potential for damage to occur, and hence
typically low gradings given for each run. Out of the 5 bowel runs performed, 3 exerted a
force higher than the first threshold. For the colon retraction grasps there was typically mild

damage seen except for one grasp (Colon 3) where it exceeded all thresholds.
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Task Name | Grasp | Mechanical | Structural Work Predicted Grade
Time (s) | Threshold | Threshold | Threshold

Colon 1 32.8 Above Below Above Mechanical Damage

Colon 2 31.2 Above Below Above Mechanical Damage

Colon 3 32.1 Above Above Above Mechanical Damage

& Cellular Damage

Colon 4 32.1 Above Below Above Mechanical Damage

Bowel Run 1 14.2 Above Below Below Mechanical Damage
Bowel Run 2 19.0 Below Below Below Little/No damage

Bowel Run 3 27.0 Above Below Below Mechanical Damage

Bowel Run 4 18.3 Above Below Below Mechanical Damage
Bowel Run 5 32.3 Below Below Below Little/No damage

Table 6.2: Colon manipulation damage grading results showing the total grasping time,
and if the grasp was over the force and work threshold, with resulting damage grade.

6.3.2 Real-time Analysis of Tissue Damage

The damage algorithm was also implemented in LabVIEW (Figure[6.8)) to work in parallel
with previous instrumented grasper code (section3.11.3). The benefits of this method are that
the user could be immediately alerted to an excessive force, potentially avoiding any serious

complications.

While logging the data, grasping time and times above the relative thresholds, light
outputs are used to indicate in real-time to the user that they are exceeding the forces which
have been shown to induce damage. Working in parallel to this is the work calculations
(Figure [6.9). Due to the fact that the work must be calculated from the full profile of the
grasp, the work damage is not output until after each grasp. The program waits until the
grasp has started (the force is above 0.1 N) then records the tip force and a jaw angle until
the force returns to 0.1 N. At this point the work is calculated, using the trapezoid rule for
the ramp up and down profiles, then subtracting the ramp down from the ramp up to give the

final work and comparing to the threshold.
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Figure 6.8: A flowcode diagram of the intelligent grasper implementation in LabVIEW,
where TH1 and TH2 are threshold 1 and 2 respectively.
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Figure 6.9: A flowcode diagram of the intelligent grasper work calculation
implementation in LabVIEW,.

6.4 Conclusion

Using previously acquired ex-vivo data, a damage prediction algorithm has been developed
to provide the user with a grade of damage, using force and displacement data. This has be
implemented for both a post-operative and real-time system, using MATLAB and LabVIEW
respectively. The post-operative methods gives the user feedback over the whole procedure,

whereas the real-time method allows an instant indication of potential damage. This chapter
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demonstrates the concept of the intelligent grasper using previously acquired ex-vivo data
to apply to in-vivo measurements. This work offers a novel approach to monitoring in-vivo
surgical tasks, as instead of providing the user with arbitrary values of grasping, they are
given a grade of damage. The results showed that the algorithm gives an increased severity
grade as the applied force rises. For quick surgical manipulation tasks a minimal force is

typically used to ensure efficient motion, leading to little predicted damage.



Chapter 7

Discussion

This discussion explores the key contributions of this work and its context in this field of
research. The development of the laparoscopic grasper instrumentation is discussed, which
provides an ‘easy-to-use’ means of measuring in-vivo grasping forces as close to actual
surgery as possible. The measured in-vivo tasks have been compared to other research results.
The development of an ex-vivo tissue testing rig, used to simulate/replicate the grasping action
in typical laparoscopic surgery, has been discussed alongside other ex-vivo tissue testing
set-ups. Observations of the changes to tissue response under varying grasping parameters
have been discussed, interpreted, and compared to previous work. Finally the use of the
mechanical response data of tissue as a measure of damage, is compared to other methods,

along with the intelligent grasper concept as a whole.

7.1 Measuring In-vivo Manipulation and Grasping

The instrumented grasper design (Chapter [3) uses a sensor module located between the
grasper shaft and handle. Unlike the BlueDRAGON [[170], the instrumentation consists of
both a loadcell, to measure force, and a potentiometer to account for the linkage displacement.
As highlighted by the mechanical model of the grasper (section [3.4), the relation between the
applied linkage force and tip force is not linear, but dependant on the jaw angle (which can be
determined by the linkage displacement). The research carried out with the BlueDRAGON
only looks to investigate the motions performed by the surgeon, and therefore the tip forces
and tissue-tool interactions were not considered, but future work may require the need to
include displacement measurements to fully understand the tissue-tool interface. The
BlueDRAGON design incorporates 7 Degrees Of Freedom (DOF) providing a higher degree
of detail of surgical manipulations than the instrumented grasper. The 7 DOF are a translation
along axis z, y, and z, rotation about z, y, and z, and a grasping motion. But this design is
not modular and it’s size means that it would not be suitable for actual surgical procedures
and repeated use in-vivo. The instrumented grasper design has aimed to provide a concept
which could be used to monitor actual surgery while limiting the restriction on the surgeon,
and allowing multiple tools to be attached. Another instrumented grasper design is the
Motorized Endoscopic Grasper (MEG) [[183]], which aims to measure in-vivo tissue response
characteristics. This design takes a different approach than the instrumented grasper from

this project in that the force application is performed with a motor, instead of a surgeon
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(section [2.4.3). However this is still susceptible to hand tremors and does not allow for a
natural grasp.

Measurements taken from both the instrumented grasper and BlueDRAGON have been
compared (Figure[7.1)) and show the viability of the instrumented grasper, highlighting similar
grasping profiles. As only the linkage force is available from the BlueDRAGON, the linkage
measurements from this work are shown, before these have been converted to tip forces. The
instrumented grasper was used to measure in-vivo surgical grasping forces for different tasks,
including running the bowel, and grasping then retracting different abdominal organs. When
running the bowel, the surgeon was asked to perform 10 grasps (5 for each hand), while the
force data were logged (Figure [7.1a). The maximum applied shaft force was measured at
35.21 N with a grasp duration of 3.64 +1.42 seconds. A similar investigation was performed
by researchers using the BlueDRAGON [175], with 20 grasps in total (10 per hand), showing
a maximum shaft force under 25 N and grasp time of 2.29 +1.65 seconds; 10 grasps (5 per
hand) is shown for comparison (Figure [7.1b)).

40 T T v T T T T T - 251

30

20

Grasping Force (N)
Grasping Force [N]

s
s 40 50 60 70
Time (s) Time [sec]

() (b)

Figure 7.1: The linkage force grasping profile of a single surgical grasper when running
the bowel, showing (a) 5 grasps using the instrumented grasper, (b) 5 grasp section
(from 10 grasps) for the BlueDRAGON [170].

There is close agreement between the measured data from this work and the BlueDRAGON,
providing confidence in the accuracy of the measurements. However as both sets of data are
from the linkage measurements, the actual grasping tip forces may differ in reality, due to the
non-linear relation between the shaft and tip. Given that the comparison is of the grasping
profile and the results are of a similar magnitude, this can be overlooked. The force profile
for the individual grasps from each graph are similar in shape, suggesting that the peak forces
and grasp duration are characteristic of the individual performing the grasps. These graphs
generally show an initial peak when the force is applied, with some relaxation (either from the

tissue or surgeon’s grasp), followed by a slight increase in force again at the end of the grasp,
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suggesting that the user ensures the tissue is held securely when reaching with the other hand;
seen in profile 3 (Figure[7.1a). This profile is not always the case for some grasps where the
peak force may come at the end, from either the surgeon readjusting or overcompensating the
grasp force when moving the tissue; seen in profile 4 (Figure[7.1b).

Other grasping tasks, involving manipulation of abdominal organs, have been performed
in this work and the BlueDRAGON. Using the instrumented grasper, a surgeon was asked to
grasp different abdominal organs and retract for 30 seconds, as if to move the organ to gain
access behind, as would be done in surgery. The BlueDRAGON was also used to pass the
stomach behind the oesophagus. Results from these tests indicated a maximum applied shaft
force of 75.53 N (57.81 4 13.40 N average) was applied to the colon by the instrumented
grasper, and a maximum shaft force of 68.17 N by the BlueDRAGON, showing a large
variance in possible grasping forces. The retraction testing performed with the instrumented
grasper however, shows grasping forces for a larger range of abdominal organs, and therefore
provides a broader overview of typical forces in abdominal surgery, instead of just two tasks
from the BlueDRAGON [173]].

The MEG has also been used to grasp organs in-vivo to measure tissue properties [128]].
However grasping performed using the MEG are not entirely comparable because the grasp
force is controlled and predefined. These readings are highly susceptible to hand tremors, or
the effect of other organs moving during grasping. Slight vibrations in the stress strain curves
could affect the repeatability and reliability of results.

Overall the instrumented grasper has allowed for typical in-vivo grasping characteristics
to be analysed. Although measurements from the MEG highlight tissue characteristics,
and the BlueDRAGON have shown full tool kinetic parameters of manipulation tasks, the
instrumented grasper has highlighted the applied grasping forces for typical in-vivo tasks,
over a larger range of abdominal organs. It also provided information directly relevant to the

configuration of the grasper, which advised the development of the grasper tissue testing rig.

7.2 Simulated Ex-vivo Tissue Grasping

Informed by the in-vivo grasping characteristics, a tissue grasping test rig was developed,
capable of grasping tissue up to 100 N, up to a duration of 60 seconds, to simulate in-vivo
grasping in an ex-vivo laboratory set-up. Other research systems have been developed to
investigate tissue properties, varying from this project by using a cylindrical indenter [88], or
an idealised grasper surface [S3]. One research group developed an indenter based system
to apply a force to the sample (up to 44.5 N), over a known area (7 mm?), and measure
the tissue response (Figure [2.15)). This set up does not accurately simulate in-vivo surgical
grasping as an indenter is used to apply the force instead of a surgical tool, meaning features

such as the grasper teeth or pressure profile are not considered. Also the set-up only uses a
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relatively low load to measure the tissue properties rather than using the high forces at which
damage may be caused [88]. The indenter differs from a grasper jaw in that the pressure
distribution across the indenter surface should be approximately constant, but for grasper
jaws the pressure increases exponentially the nearer the tissue is to the hinge. Similarly a
different section of the grasper could be used (e.g. the end third, or full area) again affecting

the pressure distribution.

Other research has developed a test set up for the optimisation of grasper fenestration
designs [53]]. This focusses on the retraction capabilities of different fenestration designs,
but again does not simulate typical in-vivo grasping, as the fenestrated surfaces apply the
force to the tissue in parallel rather than a typical grasping wedge [S3]. It does allow for
retraction investigations on porcine colon, and investigates the effect of increasing the size,
spacing and overall design of grasping surfaces. This shows that increasing the height of
fenestrations can reduce the grasp force needed to successfully retract, while changes to the
profile showed similar results. To apply the grasping force a compression mechanism is
used in the form of a spring which would vary the applied load with the change in tissue
thickness, between tests (Figure [2.16). Finally the force is applied longitudinally (along the
colon sample), which is not a typical orientation of grasping. The test set-up described in this
project, grasps a cylindrical sample of tissue perpendicular to the actual sample, as would be
done in-vivo. This method was discussed previously and was dismissed for two main reasons;
firstly that this does not replicate typical in-vivo grasping, where the muscle layer orientation
would differ, possibly affecting results, and secondly that the area being grasped is likely to
already be damaged due to cutting the sample (Figure 4.20).

Unlike these methods, the test set up described in this thesis uses a laparoscopic grasper
to apply the force to the tissue, allowing for in-vivo grasping forces to be replicated in a
controlled laboratory set up, providing direct comparison between the in-vivo and ex-vivo
applied forces. However due to the pressure distribution of the jaws, which can vary with
tissue thickness and how the tissue is grasped, it is difficult to compare to different grasper
types. This could be done however by varying the grasper geometry to create an idealised
surface, but would not provide an accurate in-vivo representation. Also by calculating the
surface area of the grasper, the applied pressure could be determined and compared, but this
may prove complex from both the grasper fenestration geometry, and also the

non-homogeneous nature of tissue.

While there are many variations of tissue testing rigs investigating tissue characteristics,
tissue damage, or optimisation of tool design, the set-up described in this project allows
for commonly used laparoscopic graspers to be controlled, to grasp ex-vivo porcine tissue,

providing a closer comparison to in-vivo testing.



7.3. CHARACTERISING THE MECHANICAL RESPONSE OF TISSUE 167

7.3 Characterising the Mechanical Response of Tissue

From the testing performed in the tissue grasping rig a drastic change in the tissue
relaxation response was observed for increasing tip forces (Chapter[5). From this two critical
thresholds were determined, beyond which the mechanical response of the tissue alters
markedly (Figure [7.2)). These were investigated to further understand how the response was
affected.

Zone A highlights the force and work regions where the relaxation gradually reduces as
the respective force and work increases. Zone B shows the transition stage where the response

falls rapidly. Zone C shows the zone beyond which the tissue relaxation remains below 20
%.
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Figure 7.2: The force relaxation A F'%, plotted against, (a) the maximum tip force,
and (b) the work done by the grasper on the tissue, showing zones A, B and C
which correspond to the normal response, the transition stage, and the damage region,
respectively.

Considering the previous Wiechert model (Figure [5.6)), firstly for zone A, as the applied
tip force increases, the response shows that the tissue appears to stiffen. The F parameter
increases linearly as the tip force is increased (Figure [5.14). This could be as a result of the
extracellular fluid, which surrounds tissue cells, being forced out (Figure[7.3a)). Similarly the
viscosity of the response increases, possibly as a result of there being less extracellular fluid,
or the increased pressure on the cells causing an increase in viscosity (Figure [7.3c). There
have been a number of investigations into the behaviour of bodily fluids, many of which are
believed to be non-Newtonian. Generally fluids such as blood or synovial fluid are believed to
exhibit stress-thinning properties, whereby an increase in stress results in a reduced viscosity
[105]. These results suggest otherwise, that in fact stress-thickening is observed, which could

be logically explained by the protein chains, often found in cells, becoming compacted under
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stress and therefore restricting the flow [[105]. These compacted proteins would also account
for the increase in elastic response of the F; and E5 parameters. Another alternative is that
the excess fluid is pushed out, and therefore less is present to contribute to the mechanical
response. To fully understand the nature of these individual fluids, they would need to be
isolated, and confined in order to measure the stress responses accurately.

Due to the low number of samples which fall in the transition region in zone B (in between
states), it is difficult to fully determine the transitional phase in the mechanical response. It is
understood that due to the non-homogeneous nature of tissue, a number of factors will affect
when the mechanical response will dramatically change [92]. These factors include the water
content, fat layers, age of samples, exposure length to air, etc. To account for this breakdown,
a number of ideas have been considered. Firstly as described previously, by applying a force,
the extracellular fluid is pushed away. Once there is virtually no fluid left it is no longer
present to contribute to the response, and all the force is applied to the cells (Figure [7.3b),
likely contributing to the sudden increase in Fjy. Secondly by applying too great a force
to the cell, this may cause them to rupture (Figure [7.3d), releasing the cellular fluid, and
resulting in the drop in the visco elastic parameters 7; and 7),, and also the drop in the elastic
parameters £ and E5, accompanied by the gradient change in Ej. Likely it is a combination
of these effects to give the overall relaxation response. Also as highlighted previously, from
observation of the work applied to the tissue, the energy dissipation mechanism appears to
change. Below the threshold the energy is dissipated through the relaxation of the tissue,
but beyond the threshold this changes. Likely there are a number of contributing factors,

including heat loss and the breaking of chemical bonds in the cells.
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Figure 7.3: Cell response schematics, showing (a) extracellular fluid motion with
applied pressure, (b) little remaining extracellular fluid with pressure applied to cells,
(c) the force applied to individual cells with internal pressure, and (d) a ruptured cell
showing cytoplasm flow.

Beyond the threshold, into zone C, the tissue is likely to be increasingly damaged. At the
upper limit of the applied force and work, the histology shows the destruction of the muscle
layers, but with the submucosa and mucosa remaining. Previous studies have investigated
the difference in structure between the longitudinal and circular muscle, and the submucosa

and mucosa, showing that the latter two are mostly comprised of collagen fibres, orientated
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to form a strong mesh or lattice (Figure [94]]. This promotes a strong structure with a
high elastic response, which likely provides the largest contribution to the parameter Ej. This
suggests that the submucosa and mucosa would be more resilient to damage, as is supported
by the histology results (Figure[7.4b)). Similarly from the work analysis, the different tissue

layers could have a varied way of dissipating energy.

Removal of muscle layers

ﬁ":‘

Submucosa and mucosa,
remain intact

(a) (b)

Figure 7.4: The structure of the submucosa and mucosa, highlighting (a) the collagen
fibre orientation and layering, and (b) the histological analysis of the 6.95 N grasp
showing the damaged muscle layers and intact mucosa layers.

It should be noted however, that this may be a result of how the colon is grasper, with
the jaws only making contact with muscle layers. This could be investigated further by
opening the colon samples before grasping, and then observing the histological damage. If a
larger amount of the mucosa and submucosa are left intact, this would suggest they are less
susceptible to damage. However in this project this has not been investigated as it would not

naturally occur in typical MIS.

7.4 Damage Grading Using Mechanical Response Data

From the previous analysis of the mechanical changes in tissue, this was investigated as a
potential method to link mechanical measures with clinical indications of damage, to provide
real-time feedback to the surgeon. This has been compared to other investigations of tissue
damage and analysis.

Perforation forces of large pig bowel and human small bowel were investigated. The force
was applied direct to the tissue surface, with a system to measure the electrical continuity
between each side of device. This indicates when both sides touch, to show tissue perforation
[2]. This however does not show damage which occurs before perforation, which can still
be of serious concern. The results showed that for large bowel (Figure [2.25), the average

perforation force was 13.5+3.7 N (using a 1.5 mm hemisphere indenter), with a minimum
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force needed to perforate the tissue was approximately 8 N, greater than the maximum
grasping tip force, 4.9 N, found in this research, suggesting that typical grasping forces
will not lead to perforation, supporting the results from this work. However the surface
area and geometry differs from the grasper which will affect the different pressures, and
therefore may not provide an entirely accurate comparison. This provides the closest method
of using grasping force measurements as a way of determining tissue damage. Other research
investigations have aimed to measure tissue damage from measuring the concentration of 4
serums/chemicals (C-reactive protein,  granulocyte-elastase, interleukin-6, and
interleukin-10) typically found in blood [138]]. While these typically showed a general
increase after surgery, samples were taken at 6 hours, 1 day and 2 days after surgery, and
in the case of C-reactive protein, the greatest increase was seen on the second day. There is
therefore a long time constant associated with this form of measurement and analysis. It is
unclear if measurable changes could be observed at the same time scales used in this study.
With regards to the degree of damage, the greater the levels typically the higher the degree of
damage, although this would be unique for each individual, even with a baseline established,
and would be difficult to impartially interpret. Another investigation used image analysis to
measure the colour variation of grasped liver (Figure 2.26) [100]. The image pixels over the
tissue surface are compared to a colour chart to determine the degree of damage. Applied
stresses of 0, 60, 120, 180 and 240 kPa were used, where these readings had been previously
found from in-vivo testing with the BlueDRAGON. This method shows an alternative non
intrusive method of determining if the tissue has been damaged, with a clear variation of
colour over the range of applied forces. This however would take time for bruise to develop
(approximately 3 hours), again limiting the efficiency of diagnosing damage. Also the colour
identification may differ between individuals, and be susceptible to lighting, picture quality,

etc, whereas this work has shown repeatable results for 5 different colons.

Another method used in this project is the observations of the work threshold which has
been shown to pick up additional data which would otherwise not be considered (Figure [7.5).
While all the data points above both thresholds exhibit a force relaxation of less than 20%,
there are still two points below which are classed as ‘safe’. This is likely due to the
unpredictable nature of the tissue samples, and may occur because they had different amounts

of each tissue layer.

Even though the force and work are determined from the same data response, the work is
calculated using the displacement of the jaw angle, but as this is very difficult to predetermine,
both measures are needed. The work shows how the tissue response changes to an increase
in the energy put into the system. This has previously not been used to measure grasping
quality and would be virtually impossible for a surgeon to monitor. Therefore providing this

as feedback would be crucial.
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Figure 7.5: Tissue relaxation plotted against work and maximum tip force; Force
threshold 2.55 N (green line), work threshold 5.68 J (blue line), high relaxation >20%
(black), and low relaxation <20% (red).

A number of methods have been developed to try and quantify tissue damage, with
investigations into the cell mechanics providing deeper understanding of the results. The
methods presented in this work allow for a real-time update of damage, compared to other
which require time to either allow the damage to develop, or to analyses blood samples.
Previous work suggests the need for a real-time damage measure which is presented in the
form of the Intelligent Grasper. Alongside the force measurements, the work done by the
grasper on the tissue has also shown a damage threshold. Without this threshold it would
be possible to miss data which would show as damaged (Figure [7.5)). Ultimately the typical
measures are difficult to interpret, and often subjective, but using mechanical measures are

only suitable when a closer link has been shown with clinical measures.

7.5 Final Conclusions

7.5.1 Overall Conclusions

Overall the project was a success, as the concept of an Intelligent Grasper has been
demonstrated for potential use as a training aid to surgeons, or for in-vivo use to highlight the
potential of damage being caused. The findings in the changes in tissue mechanical response

are particularly interesting, specifically that this occurs at forces commonly used in-vivo.
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Given more time more histology samples would be collected, particularly focussing on
the ‘transition zone’, to observe what is happening here on a cellular level. Also validation of
the Intelligent Grasper prediction, by taking it both in-vivo and in an ex-vivo set-up. Finally
investigation of the grasper mechanics using multiple graspers to understand if any dynamic
frictional losses affect grasping, providing a more detailed model. If the project was restarted,
it would investigate alternative methods of quantifying tissue damage, perhaps observing
samples under a microscope to show the cellular response after grasping. This would then
contribute to the tissue mechanics discussion, and improve the understanding of the threshold
breakdown.

During the project there were a number of dismissed methodologies, which are outlined
in the following paragraph. The surface topography was investigated using a laser scanner as
a potential means of measuring damage. Firstly this was very difficult to scan using a laser,
due to the wet nature of fresh tissue samples. The samples could not be dried out as this
could greatly affect the response of the tissue. Using post-test drying and surface treatment
proved unreliable. Alongside this, non-tissue samples were scanned to try develop a surface
topology damage grading. This also proved difficult due to the undulating nature of the tissue
surface, resulting in huge disparities in indentation measurements. Due to both aspects of
this methodology proving immensely difficult and unreliable, this was not used. Mesocolon
analysis alongside the colon grasping was initially investigated, however it was difficult to
source, and the porcine model structure of the mesocolon differs greatly from that of the

human model, and therefore was believed to not provide a relative analysis.

7.5.2 Practical Significance in Surgery

The Intelligent Grasper is beneficial to surgeons both for in-vivo surgery, post operatively
and for training purposes. It can inform the surgeon of the potential damage induced in
the the tissue from real-time grasping, without preventing excessive grasping in the case
of an emergency. The combination of ex-vivo tissue mechanics and histological analysis
can provide the surgeon with a damage grading. This is not simply numerical information,
but an indication of if potential damage has been inflicted, and therefore does not require
any further interpretation of the results by the surgeon. The program alerts the surgeon,
but does not restrict the grasper as in serious situations it will be of higher importance to
make sure an immediate problem is fixed than to prevent potential damage. By indicating
the likelihood that severe damage has occurred, post operative care resources can be used
more efficiently, and reduce the chance of problems occurring after surgery and symptoms
being overlooked. As discussed previously, the system provides a damage grading, which
can be found after collecting the data, not just during the procedure. For those with a higher

number of damaging grasps, a more thorough observation can be give during the recovery
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process. It is also a useful aid to trainee surgeons to improve their rate of learning by alerting
them to when excessive force is being applied. If the trainee were to use the Intelligent
Grasper with a laparoscopic training device, as they perform various tasks, the system would
alert them, indicating that either the grasp force or work was too high. Through repetition
with the Intelligent Grasper, while also learning how to perform the task, the surgeon would
have a greater understanding of the grasping characteristics which cause damage, and more

importantly how this feels to the user.

7.5.3 Project Inspiration

Inspiration for this project came from investigating the difficulties that surgeons face when
using laparoscopic tools to perform complex procedures, often leading to excessive forces
being used to manipulate delicate tissues, and potentially leading to severe damage. This
becomes of even greater concern when laparoscopic techniques are used to resect cancerous
tissue. Damage to the delicate membranes surrounding the tissue can rupture, and leak cancer
cells into the abdominal cavity, greatly increasing the chance of recurrence. This has lead to
the need for the surgeon to understand the damage caused during laparoscopic grasping.
To date, a number of devices have aimed to measure grasping data, but this work goes on
to provide the surgeon with a damage grading so that there would be no additional need
to interpret the data. Allowing still for laparoscopic surgery to be performed quickly, and
efficiently while providing the surgeon with added confidence that any major tissue damage
will be detected. This work adds to the previous work, and provides a better link between
mechanical and clinical measures of damage. However there is still work to be done in better

understanding what happens to the tissue during grasping.

7.6 Future Recommendations

As a continuation of this work, a number of future directions have been outlined in the

following sections.

7.6.1 Assessment of Retraction Forces

The addition of a retraction module would allow for further investigations into the
characteristic use of graspers in-vivo. Initial investigations into appropriate components has
highlighted typical ‘donut’ loadcells as suitable for a retraction module, due to the hole
through the centre, down which the grasper shaft could be passed. With this in mind, the
bespoke design of a retraction module has been developed (Figure [7.6)).
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Retraction
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Fastening
Hole
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Figure 7.6: Retraction module design, highlighting the location of the ‘donut’ loadcell
and housing, comprising of the M15 thread, holes to secure and the inner space through
which to pass the grasper shaft.

The grasper shaft would be inserted through the device with the shaft bottom secured

against the loadcell when tightened, replacing the previously used cone-nut (Figure|7.7).

Cone Nut

Retraction
Module

Instrumentation Instrumentation

(a) (b)

Figure 7.7: The original grasper instrumentation, with (a) the location of the cone-nut,
and (b) the location of the retraction module.

The output from the loadcell can be passed through a similar amplifier as previously used,
with this then being logged using a program via the DAQ USB device. The retraction module
would need to be used alongside the previously developed instrumentation as the grasping
force would affect the force acting along the shaft and, as a result, the measured retraction
force. By subtracting the current grasping force acting along the shaft, from the measured
retraction force, the actual retraction can be measured.

From this, additional sensors could be incorporated into the design to develop a fully
defined, 7 DOF system (x, y, and z axis translation and rotation, and grasping), which
considers all possible motions made. This would require modification to the instrumentation,

and the focus should still be on the key design features; allowing for ‘natural’ grasping, and
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a modular design which can be removed and placed on another grasper. This would enhance

the previous in-vivo data and add to further understanding tissue manipulation.

7.6.2 Tissue Mechanics Transition Investigation

Using the tissue testing rig, or similar, the transitional phase of the tissue response could
be investigated to determine what factors are dependant on this change. This would include
determining how variations in the proportions of each layer affect the change, either by
isolating each layer, or performing numerous repeats. By looking at the different layers
individually, the mechanical model could be developed further allowing for increased

predictability in the damage grading.

Accompanying this data with further histological analysis would give a more informed
view of how the tissue responds and why its mechanical characteristics change here. Also by
investigating alternative methods to histology, the energy conversion change could be found
1.e. by monitoring the residual heat in the tissue, or by changes in the chemical structures to

isolate each mechanic.

From this there would be potential to highlight other thresholds where changes occur in
the tissue, such as the breakdown of the mucosa and submucosal layers. This would likely
occur at much greater forces, larger than those typically witnessed in surgery, but would help
to further understand the tissue characteristics, and allow for increased predictability in the

tissue response.

This would lead to a greater understanding of the behaviour of biological structures,

aiding surgeons and manufacturers in future surgical developments.

7.6.3 Understanding and Improving the Grasper Mechanism

Using the previously developed mathematical model on other grasper geometries, the
variation in different aspects of the grasper designs can be investigated to show how changes

in the scale of a scissor grasper can affect the overall force transmission.
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Figure 7.8: The force transmission percentage model in a double action laparoscopic
grasper, with matching geometries and different jaw length (10, 20 and 30 mm).

It can be seen that there is a radial relation between the input and tip force for varying
jaw lengths (Figure [/.8)). Other parameters to be considered are the internal linkages, and
how the ratio between these can vary results. Finally, investigation into frictional losses in
the grasper, both for static and dynamic motions would provide a greater understanding of
the grasper efficiency.

7.6.4 Grasper Manufacturing Standard

Using both the grasper modelling and the test rig, various designs of grasper could be
investigated to show what design criteria give higher grasping pressures, and a better force
transmission efficiency and linearity. This could be combined into a performance indicator, or
grading of the tool used to compare various design types, which would then advise
manufacturers as to how changes in the design may effect the performance overall. By
providing surgeons with this additional information, they can make a more informed choice

of tool, leading to improved performance in surgery.

7.6.5 Integration into Robotic Surgery

As there is currently no haptic feedback to the surgeon when performing robotic surgery,
by incorporating sensors into the grasping mechanics, the damage prediction model could be
used. Similar testing would need to be performed using typical robotic graspers, or if the
tissue model had been further developed into a general model, simply the geometry of the

grasper would be needed. This would then allow the tip forces/pressures to be determined
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and the appropriate thresholds to be found. Then if the surgeon grasps tissue beyond this he
would be alerted to excessive forces. This would reduce the need to relearn surgical tasks

with often ‘complex’ designs, and instead could be used immediately.
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Appendix A

3.0 CONNECTIONS

3.1 Connections General

Transducer, supply and output connections are | Fig. 1 Connections

made by 4 x 4 way screw-clamp terminals as

ok 1 | Excitation Hi
h Fig 1.
L 2 | Excitation Lo
To reverse output polarity, reverse signal 3 | Signal Hi
hi/signal lo. Voltage output is between Volts 4 | Signal Lo
Out and common, cumrent output is between 5 | Screen
current out and common. 6 | R. Cal com

7 |R.Cal

WARNING: INCORRECT SUPPLY 8 |CAL
CONNECTION, E.G. CONNECTING SUPPLY 9 | Volts Out

10 | Common

11 | Common
12 | Current Out
13 | Supply +

14 | Supply -

15 | Screen

16 | NIC

WIRE TO OQUTPUT (O/P) MAY DAMAGE THE
UNIT AND INVALIDATE THE WARRANTY.

3.2 Internal Controls

To access internal controls the front part of the DRYDC case needs to be removed. To do
this, use a small screw dnver to gently press in the clips behind terminal 1-4 and 13-16. At
the same time pull forward the front of the case. The front of the case and pcb assembly
should now slide forward.

Fig. 2 Internal Controls
Shunt Calibration Resistor
Bridge Completion Resistors (section 3.5)

1-4 Coarse (Gain (section 4.5)
5-6 Bandwidth/Noise filter {section 4.7)

Transducer excitation (section 4.2)

4-20mA Offset Link J1 (section 4.8)

To put case back together, gently slide pchb assembly into case guide slots. Ensure pcbh
earth pad CG1 is lined up with the earth clip inside the case, and push back until the front
of the case clicks back into place.
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3.3  Transducer connections EXC+

Before connecting the transducer, check the excitation
voltage.

SIG+ SIG-

Applying an excitation voltage that is too high may
destroy the transducer

EXC-

3.4  Full bridge Strain Gauge Transducer

Transducer connector details are as shown in Fig. 1. (Section 3.1)

3.5 1/4 or 1/2 bridge transducer connections

For 1/4 bridge transducers, 3 bridge completion resistors are required. The active gauge
should be fitted on arm 'C' and the bridge completion resistors inarms D, A & B.

For 1/2 bridge systems, the active gauges should be C and D, and 2 completion resistors
are required.

The bridge completion resistors should be high stability, the same resistance as the active

gauge and may be fitted either in the transducer connector, or in the designated position on

the DR7DC PCB. This requires removal of the PCB from the case.

R22 replaces bridge arm D, R23 replaces bridge arm A, R24 replaces bridge arm B

MNote: Mounting these resistors in the instrument is a compromise. To reduce temperature
and long lead effects, completion resistors should preferably be mounted at the
transducer and be of close tolerance and low t.c., e.g. 0.1%, 15 ppm..

3.6 Potentiometric Transducers

Select R24 value to drop at least 1.5V.

For example, with an excitation of say
10V and a potentiometer resistance of ® |EXC+
500 ohms and R24 value of 100 Ohms, POTENTIOMETER éi—' S1G+
the voltage drop across R24 = 10V / 8 |SIG-
(500+100) X 100 = 1.7V. é

R24
This raises terminal 4 to within the o |EXC-
common mode voltage range of the

amplifier.

Input signal = 10-1.7 = B.3V so use the lowest gain range for £10V output. For lower output
voltage or 4-20mA output, use lower excitation, e.g. 5V.

R24 can be added either in the location on the PCB, or more easily into the transducer
screw terminals, between pin 4 (sig LO) and pin 2 (EXC LO).
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MINIATURE LOW-PROFILE TENSION LINKS

LOW PROFILE 19 mm (0.75") TO 25 mm (1") HEIGHT
STANDARD AND METRIC MODELS

Tension/Compression

METRIC
Calibrated in Tension Lcroszs, LCM703-150,
101b to 1000 Ib shown actual size. shown actual size. . -
5 kg to 500 kgf .;“f’* }

1 Newton = 0.2248 Ib

1 daNewton = 10 Newtons
11b=454¢g

1t=1000 kgf = 2204 Ib

LC703/LCM703 Series

NISTERF 1111

Standard

1 Low Profile
v+ High Accuracy
+ Rugged Industrial Design

The LC703/LCM703 Series
comprises economical universal
(tension/compression) load cells
with a low profile. Ranges above
100 Ib are stainless steel; ranges
below 100 Ib are aluminum. The
low profile and rugged design make
LC703 and LCM7083 suitable for
many industrial applications,
including robotics, automated
weighing systems, and batch-
process control systems.

SPECIFICATIONS
Excitation: 10 Vdc (15V max)
Output: 2 mV/V nominal
5-Point Calibration:

0%, 50%, 100%, 50%, 0%
Linearity:

10 to 100 Ib: +0.15%

>100 Ib: +0.10 FSO

5 to 50 kgf: +0.15%

75 to 500 kgf: +0.10%
Hysteresis:

10 to 100 Ib: +0.15%

>100 Ib: +0.10 FSO

5 to 50 kgf: +0.15%

75 to 500 kgf: +0.10%
Repeatability: +0.05%
Zero Balance: +1.0% FSO
Operating Temp Range:
-40 to 82°C (-40 to 180°F)

W L
PR} “7'-1 4"
gamiend ) Wire | Connection
Ei'été’ E0 m GN | +Output
— o) =
? H @ WT Output
BK | -Input
‘ \ f RD | +Input
Dimensions: mm (inch)
CAPACITY L (MAX) L1 w1 H THREAD
101b 10-32 x 0.20
5 kof 38 (1.50) |14 (0.56)|14 (0.54)| 9.5 (0.38) |19 (0.75) M5 x 0.8-6H
2510100 Ib %4-28 x 0.23
41 (1.62) | 14 (0. 17 (0. 1 . 1 7
10 to 50 kgf (1.62) (0.56) (0.66)| 13 (0.50) {19 (0.75) M6 x 1.00.6H
150 to 1K Ib %-24 x 0.38
44 (1.75) | 14 (0.56)|24 (0.93)| 19 (0.75) | 25 (1.0
7810 500 | 24 (179) | 14(056) |24 (0.93)| 19 (0.75) | 25 (1.0) |y es 2y ey

Compensated Temp Range:
16 to 71°C (60 to 160°F)

Thermal Effects:
Zero: +0.005% FSO/°F
Span: +0.005%% FSO/°F

Protection Class: |IP54

Safe Overload: 150% of capacity
Ultimate Overload: 300% of capacity
Output Resistance: 350 +10 Q

F-62

Input Resistance: 360 Q minimum
Full Scale Deflection: 0.003" nominal

Construction:
<100 Ib: Aluminum

>100 Ib: 17-4 PH stainless steel

=50 kg: Aluminum

>50 kg: 17-4 PH stainless steel

Electrical: 3.6 m (12') shielded
4-conductor PVC cable

=g S71130 avon



Features BOURNS®
m Carbon element PRO AUDIO
B Red, orange, green, amber and white LED colors “\’
m Center detent option

W Assortment of resistance tapers
W Various travel lengths

W Various lever sizes

PTL Series Slide Potentiometer w/LED

BOURNS'

Electrical Characteristics Product Dimensions
Standard Resistance Range 20 mm Length of Travel
....................... 1K ohms to 1 megohm 450405 Lever
Standard Resistance Tolerance... 20 % ~Gameom Length
End Resistance -20£08 310402 10.0
(:354 .020) _31.0£02 9.0
20 mm Travel................ 10 ohms max. . (1.220 +.008) (-394)
30 mm Travel................ 20 ohms max. [110) 270
45 mm Travel................ 20 ohms max. ‘ (1.063) %
60 mm Travel................ 30 ohms max. -
Insulation Resistance @ 250 VDC 19.0
............................. 100 megohms min. 0 / (-748)
Dielectric Withstanding Voltage M2X o162 PLCS-
.............................................. 300 VAC 200405
Standard Taper.........cc.c..... Linear, Audio {0787 £.020) | ‘ 30 DIMENSIONS: —MM__
Power Rating - Linear (_5—157)-* = ('118)55+01 (INCHES)
20 mm Travel........co.oeereennenn. 0.05 watt R S E-0 5 {217+ 004)
30 mm Travel 0.1 watt (236 -.004) 2.05+0.1
.......................... . 66 10501 . .05 +0.
45 mm Travel........coceeeeeeee. 0.125 watt 260 ’“ (039 £ .009) ‘ ‘ (081 +.004)
60 mm Travel.......ccceveeeiieenns 0.2 watt Z ]
LED
Power Rating - Audio w ‘ ﬁi}T L£05
20 mm Travel.........ccooeeveee... 0.025 watt Mgggggg@x —H«—(O—;m o
30 mm Travel..........cccueuenee. 0.05 watt ] |
45 MM Travel........oocooccr.... 0.06 watt =
60 mm Travel........cccccecnnnnnees 0.1 watt 04 T 7.0£05
e 04 0.6
Slider NOiSe ..........covrrvvveeens 200 mV max. o (1333%0030)} (276:+.020) - L—(—m)
Environmental Characteristics
Operational Life ................ 15,000 cycles o ﬁ:ﬁ o
TR Shift .o +15 %
Operating Temperature Range
................................. -10 °C to +55 °C Mounting Hole Detail
Resistance to Solder Heat............. +5 % 75401
) . (295 .004) 300401
Mechanical Characteristics _25+04 \ {T181= 004 |
(:098 +.004)
Mechanical Travel........ Length £0.5 mm ) » 71277# 3«
Operating Force ............. 30 gf to 250 gf T E HOLES
Center Detent Force....... 20 gf to 200 gf 014; :Oogg/om
Stop Strength .......cccceeiieeneen. 5 kgf min. DIA. 6 PLCS.
Shaft Axial Force .........ccccue..e 5 kgf min.
Shaft Wobble.. 2(2 x L/20) mm p-p max.
Soldering Condition
Manual ...........300 °C +5 °C for 3 sec. Standard Resistance Table Schematic
Wave........ .260 °C £5 °C for 5 sec.
Wash Not recommended Resistance Resistance o
..................... (Ohms) Code
1,000 102 l
2,000 202 Rl 1O0—AAAA—03
5,000 502
10,000 103
20,000 203
50,000 503
100,000 104
200,000 204
500,000 504
1,000,000 105

*RoHS Directive 2002/95/EC Jan 27, 2003 including Annex.
Specifications are subject to change without notice. - o
Customers should verify actual device performance in their specific applications.
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Low-Cost, Bus-Powered Multifunction DAQ for USB
12- or 14-Bit, Up to 48 kS/s, 8 Analog Inputs
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= 8 analog inputs at 12 or 14 bits, up to 48 kS/s
= 2 analog outputs at 12 bits, software-timed
= 12 TTL/CMOS digital I/O lines

= One 32-bit, 5 MHz counter

Overview

= Digital triggering
= Bus-powered
= 1-year warranty

With recent bandwidth improvements and new innovations from National Instruments, USB has evolved into a core bus of choice for measurement applications. The NI USB-6008
and USB-6009 are low-cost DAQ devices with easy screw connectivity and a small form factor. With plug-and-play USB connectivity, these devices are simple enough for quick
measurements but versatile enough for more complex measurement applications.

Requirements and Compatibility

OS Information

= Mac OS X

= Windows 2000/XP

= Windows 7

= Windows CE

= Windows Mobile

= Windows Vista 32-bit
= Windows Vista 64-bit

Comparison Tables

Product Analog Inputs

8 single-ended/4

USB-6008 differential

8 single-ended/4

USB-6009  erential

Driver Information

= NI-DAQmXx
= NI-DAQmx Base

Input Max Sampling Rate  Analog
Resolution (kS/s) Outputs
12 10 2
14 48 2
7

Output
Resolution

12

Back to Top
Software Compatibility
= ANSI C/C++
= LabVIEW
= LabWindows/CVI
= Measurement Studio
= SignalExpress
= Visual Basic .NET
= Visual C#
Back to Top
Output Rate Digital I/O 32-Bit TR
(Hz) Lines Counter 99 9
150 12 1 Digital
150 12 1 Digital
Back to Top

WWW.Ni.com



LM10 ..

Micro Laser Sensor

Displacement Sensing

* Original NAiS Sensor

High-precision measurements,
comparative output function

Comparative output function (Intensity/displace-
ment) gives this high-precision device the feel of
a photoelectric sensor.

In addition to conventional analog output, the LM10 also comes
with ON/OFF control output (single or window comparator) as a
standard function. This gives the LM10 the feel of a photoelec-
tric sensor, yet it still offers the “micro-spotting” and “high preci-
sion” that only come with a laser sensor.

¢ Setting modes and types of ON/OFF control

Type Standard mode Intensity mode

Window comparator | Displacement control (triple output) | No mode setting
Single comparator | Displacement control (double output) | Intensity control (double output)

Displacement control: ON/OFF control on the basis of distance measurement.
Intensity control: ON/OFF control on the basis of received light level.

* Measurement principle of the LM10 (optical triangulation)
Part of the light rays which come from the target object by means of dif-
fuse reflection produce a light spot on the position sensing device
(PSD). This light spot varies depending on the displacement of the tar-
get object. By measuring the fluctuations in the light spot, the LM10 can
measure the displacement of the target object.

Position sensing device (PSD)

Light receptor lens

a
b
Light receptor
Light projector
Light projector lens ]

Light element Center point

(semiconductor laser)

A Measurablerange B

420

C E Marked

Conforming to EMC Directive

New circuitry lowers costs.

SUNX)

Incorporates our own unique built-in single-
channel IC.

The LM10 uses the first single-channel IC (patent pending) ever
produced in the industry,” which reduces the dual-channel pro-
cessing requirement of conventional products to a single chan-
nel. Building the arithmetic circuits into the IC has made it possi-

ble to reduce costs.
¢ As of November 1996.

Conventional circuit Signal LM10
processing
circuit

vYyVvyvwv

Power
circuit

v

9)
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19 mm (0.75") DIAMETER SUBMINIATURE
OMPRESSION LOAD GELLS

TENSION OR

STANDARD AND METRIC MODELS

Tension/Compression
Calibrated in Tension
0-25 Ih to 0-300 Ib
0-100 to 0-500 N

1 Newton = 0.2248 Ib

1 daNewton = 10 Newtons
1Ib=454g

1t=1000 kg = 2204 Ib

LC201/LCM201 Series

NIST

Standard

L
|—
=
o
e

1 Subminiature Package
for Robotic Applications,
19 mm (0.75") Diameter

v+ Dual Mounting Studs
for Easy Installation

v 5-Point Calibration
Provided

OMEGA’s LC201/LCM201 Series
subminiature load cells are
designed for the demanding
environment of industrial
automation and robotics. With a
diameter of only 19 mm (0.75") and
all stainless steel construction, they
can fit into small systems. They
deliver high accuracy and
long-term reliability in a
subminiature package.

SPECIFICATIONS
Excitation: 10 Vdc, 15 Vdc max
Output: 2 mV/V nominal

Accuracy: +1.0% FSO linearity,
hysteresis, repeatability combined
5-Point Calibration (in Tension):
0%, 50%, 100%, 50%, 0%

Zero Balance: +2% FSO
Operating Temp Range:

-54 to 121°C (-65 to 250°F)

Compensated Temp Range:
16 to 71°C (60 to 160°F)

Protection Class: IP54

STANDARD
LC201-50,
shown larger
than actual size.

Actual size.

B E
hhRREh -

METRIC
LCM201-200N,
shown larger than
» actual size.

Dimensions:
mm (inch)

9

I —

Thermal Effects:
Zero: 0.018% FSO/°C
Span: 0.018% FSO/°C

Safe Overload: 150% of capacity

Ultimate Overload: 300% of capacity 19

Input Resistance: 360 Q minimum
Output Resistance: 350 +10 Q
Construction: Stainless steel
Electrical: 1.5 m (5') 4-conductor

shielded cable with compensation board

STANDARD MODELS

\chm: 1/4-28 UNF, TYP
LCM201: M6 x 1.00, TYP

1.5m (5 FT.) 4-CONDUCTOR
SHIELDED PVC CABLE WITH
COMPENSATION BOARD

WIRING CODE

GREEN +OUTPUT
WHITE -OUTPUT
RED +INPUT
BLACK -INPUT

To Order _
CAPACITY

Ib N MODEL NO. COMPATIBLE METERS* ROD END

25 111 LC201-25 DP41-S, DP25B-S REC-014F

50 222 LC201-50 DP41-S, DP25B-S REC-014F

75 334 LC201-75 DP41-S, DP25B-S REC-014F

100 445 LC201-100 DP41-S, DP25B-S REC-014F
300 1334 LC201-300 DP41-S, DP25B-S REC-014F

METRIC MODELS

CAPACITY

N | Ib | MODEL NO. COMPATIBLE METERS* | ROD END
100 | 22 | LCM201-100N | DP41-S, DP25B-S MREC-M6F
200 | 45 | LCM201-200N | DP41-S, DP25B-S MREC-M6F
300 | 67 | LCM201-300N | DP41-S, DP25B-S MREC-M6F
500 | 112 | LCM201-500N | DP41-S, DP25B-S MREC-M6F

Comes complete with 5-point NIST traceable calibration and 59 kQ shunt data.

* Visit us online for compatible meters. DPiS meter suitable for one direction measurement only.
Ordering Examples: LC201-25, 25 Ib capacity subminiature universal load cell.

LCM201-500N, 500 N capacity subminiature universal load cell.

F-38

=y $71304avo1
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Product data

Features

Highly miniaturized linear encoder
Differential inductive sensing principle
Insensitive to magnetic interference fields
Robust against oil, water, dust, particles
Ultra-thin encoder and scale (total <= 2 mm)
Optional with cable, connector and holder

Applications

# Linear actuators

« Industrial ! laboratory / office automation
« X-Y stages

+ Pick & Place assembly equipment

-

-

High-speed motion control
Mechatronics applications

Key Specifications

Output format. _..............._A and B in quadrature
Resolution......................down to 0.3 um
Maximum speed ............_.upto 40 ns

Argap ..o P 0 0T mim

Supphy ;oo s L SN2 mA
Temperature .....................0 = 100TC
Description

The ID1101L incremental encoder kit consists of an
encoder and a linear scale (Fig. 1). The encoder is an
integrated circuit in @ PCB housing. It provides incremental
A and B output signals in quadrature (Fig. 2). The linear
scale is a PCB with passive copper strips. Table 1 allows to
configure two possible crientations of encoder vs. scale.

Resolution, maximum speed and airgap

The resclution and the maximum speed of the encoder are
programmed ex-factory. The resolution depends on a filter
setting that limits the maximum speed of the encoder ws.
the scale. The resolution also depends on the maximum
distance between the encoder and the scale. Tables 2 and
3 allow the configuration of resolution and maximum spesd
for a certain maximum air-gap.

Scales

Scales with different dimensions and period lengths are
available (Fig. 4) and are selected in Table 4. The scale
may be mounted on any subsirate, using an edge for
accurate posifioning in front of the encoder.

—~

Alignment e__c_pe

e
Metallic or non-metafic substrate

208

ID1101L
Dual Channel
Linear Encoder Kit

Encoder holders

Different encoder holder options are available and can be
selected in Table 5.

The encoder holder type AD (Fig. 5) may be mounted on
any substrate using 4 screw-holes. It has a strain relief for
the cable.

The encoder holder type B0 (Fig. 3) may be mounted on
any substrate. Use half-holes on encoder PCE housing and
alignment pins for accurate positioning.

S e

Matalllz or non-metallic sudstrate

The encoder without holder may be mounted on non-
metallic substrates. Use half-holes on encoder housing and
alignment pins for accurate positioning.

ﬁﬂnﬁ-mﬂaﬁcsubﬁhﬂe
AT EE TS

7
Encoder cable and connector
The encoder iz supplied with a flat cable of pitch 1.27 mm

and a connector (Fig. 6). The cable length and the
connector type are selected in Tables 5 and 6.

3D models of encoder, holders and scales
STEP and IGES 3D models available on www_posic.com.



Applications

Robotics

Consumer appliances
Toys

RC vehicles
Automotive

Industrial Automation

N N R 2R

Miniature Linear Motion Series - L16

Firgelli Technologies’ unique line of Miniature Linear Actuators enables a new
generation of motion-enabled product designs, with capabilities that have never
before been combined in a device of this size. These linear actuators are a
superior alternative to designing your own push/pull mechanisms.

The L16 actuators are complete, self contained linear motion devices with position
feedback for sophisticated position control capabilities, or end of stroke limit
switches for simple two position automation. Driving them couldn’t be easier,
simply apply a DC voltage to extend the actuator, and reverse the polarity to
retract it. Several gear ratio’s are available to give you varied speed/force
configurations.

L16 Specifications

Gearing Option 35:1 63:1 150:1
Peak Power Point 50N @16mm/s 75N @10mm/s 175N @4mm/s
Peak Efficiency Point 24N @24mm/s 38N @15mm/s 75N @7mm/s
Max Speed (no load) 32mm/s 20mm/s 8mm/s
Max Force (lifted) 50N 100N 200N
Back Drive Force 31N 46N 102N
Stroke Option 50mm 100mm 140mm
Mass 56g 74g 84g
Positional Accuracy 0.3mm 0.4mm 0.5mm
Max Side Load (extended) 40N 30N 20N
Feedback Potentiometer 9kQ+30% 18kQ+30% 25kQ+30%
Electrical Stroke 48mm 98mm 138mm
Input Voltage 0-15 VDC. Rated at 12VDC.

Stall Current 650mA @ 12V

Operating Temperature -10°C to +50°C

Lifetime @ Peak Eff. Pt. 20,000 strokes, 20% Duty Cycle
Audible Noise 57dB @ 45cm

Ingress Protection IP-54

Mechanical Backlash 0.2mm

Limit Switches Max. Current Leakage: S8uA

Basis of Operation

The L16 is designed to push or pull a load along its full stroke length. The speed of travel is
determined by the load applied. (See the Load Curves). When power is removed the
actuator will hold its position, unless the applied load exceeds the backdrive force. Stalling
the actuator for short periods will not cause damage, however repeated stalling will
shorten the life of the actuator.

Ordering

Small quantity orders can be placed directly online at www.firgelli.com. Each actuator
ships with two mounting brackets and #8-32 mounting hardware. The cable length is
approximately 300mm and connector is a 0.1” pitch female socket connector.

Copyright 2010 © Firgelli Technologies Inc.



LAC e Firgelli Linear Actuator Control Board

The Linear Actuator Control Board is a stand-alone closed-loop control board
specifically designed for Firgelli actuators. The LAC greatly simplifies designs
by saving the development time, cost, and processor overhead associated
with direct motor control. As little as 1 digital or analog output is required
for position control. Supported input signals include USB, Voltage, Current,
RC Servo, and PWM. Firgelli's motor control IC uses a software based
algorithm to optimize position and speed control. This makes the LAC
compatible with a wide range of actuators, using only the default settings.
Firgelli's Advanced Configuration Program allows full customization of
actuator response. A stall detection feature provides a great increase in
actuator life for applications that may briefly exceed the rated force.

The LAC can be operated as both an interface board, or as a stand alone
controller with the addition of an external potentiometer and power supply.

(Accessory kit and housing sold separately)

Specifications

Control input modes Digital: USB, RC Servo, 1 kHz PWM
Analog: 0-3.3V, 4-20 mA

Controller 10-bit Dual Sample Rate Quasi PD

PQ12 Actuators with position feedback, 6 or 12 volts
L12-P Actuators with position feedback, 6 or 12 volts
L16-P Actuators with position feedback, 6 or 12 volts
Larger Actuators with position feedback, 12 volts, 24 volts

Compatible actuators

Dimensions 50 mm x 50 mm (excluding battery holder)

Power 5-24 VDC, 4 Amps peak current at 10% duty cycle

Operating environment —10 to +70°C at 10-80% relative humidity
Operation

When the CIB is powered up, it will repeatedly scan for an input signal that

is valid under any of the five supported interface modes (see reverse for
External Connections Detail illustration). When a valid signal is first
detected, the actuator will self-configure to the corresponding interface
mode, and all other interface modes and input leads are disabled until the
actuator is next powered on. The sensitivity or accuracy of the actuator
control algorithm can be set by adjusting the “Accuracy” trim potentiometer.
Turning clockwise will allow the actuator to move in smaller increments and
be more accurate. However, due to the differences in actuator types this may
cause jittery or unstable behaviour. If this occurs, consider using the USB
configuration program to more finely tune the controller for your application.
Each time a control potentiometer is adjusted, power must be cycled to the
LAC board prior to the new settings taking effect. Adjusting the “Speed”
potentiometer will set the maximum actuator speed. The two “Limits”
potentiometers allow user settable digital limit switches. These set the
minimum and maximum acceptable positions. Control inputs that exceed
these limits will cause the actuator to position to the limit.

- - Firgelli Technologies Inc.
E’ "yelll 1550 Mileva Lane 1(206) 347-9684 phone sales@firgelli.com

Victoria, BC V8N 2Vv5 1(888) 225-9198 toll-free www firgelli.com
Canada 1(206) 347-9684 fax

Copyright 2010 Firgelli Technologies Inc.



Rotary Motion (LAR series only)

An assembly comprising a rotary DC motor, magnetic encoder and gearbox is carried by the
piston to rotate the rod. The rod is mounted to the piston in a rotary bearing. The rod and
gearbox shaft are connected using a flexible coupling. To locate a home position for the
rotary axis, the actuator rod carries a flag. This flag is sensed by a reflective proximity switch

and is identified as the coarse index.

25 PIN D CONNECTOR
MOVING COIL
MAGNET HOUSING THERMISTOR

MAIN CONNECTOR BOARD

T T 7//V LIMIT SWITCHES
PN
(i
W0
COARSE HOME
SENSOR |I ~____ ENCODER READER
il ——

HEAD

Ei:,,,,,:,, JLH L . GLASS SCALE
E ittt i 1 MOUNTING

RIBBON CABLE
SHAFT DC ROTARY MOTOR

O-RING SEALS v
COARSE HOME FLAG FLEX COUPLING
GEARBOX

VACUUM TUBE

Fig 1. Actuator Components (LAR30-15 shown)

SMAC equipment required to run a system

Linear Actuator only: Linear / Rotary Actuator:
LAL series actuator LAR series actuator

LAC — 1 Controller LAC — 25 controller
LAH-LO(D)-03 Cable LAH-RT(D)-03 cable

Other equipment required

RS232 cable and connector (appendix page 1)

Laptop PC or text editor to construct program (see setup instructions)
26 pin I/O connector for Input/ Output channels

Either 24 Volt D.C., 4 Amp Power supply (30, 37, 50 series)

Or 48 Volt D.C., 4 Amp Power supply (90, 300 series)



PID values for SMAC Actuators

Note: These are starting values only, they may need to be adjusted for different load values or

actuator orientations. Values should work with both LAC-25 and LAC-1

For 0.5p and 0.1, reduce all values by a factor of 5 (e.g. SG25 becomes SGS)

Linear Actuator Proportional | Integral | Derivative Integral
Encoder (SG) (SD (SD) Limit (IL)
1u LA*20 50 80 600 5000
Su LA*20 100 200 1200 5000
1u LAL30/ LAR30 50 100 600 5000
Su LAL30 / LAR30 100 200 1200 5000
I LAL37 / LAR37 50 100 600 5000
Su LAL37 / LAR37 100 200 1200 5000
1u LALSS5 / LARSS 50 150 600 5000
Su LALSS / LARSS 100 300 1600 5000
1u LAL90 / LAR90 50 100 600 5000
Su LAL90 / LAR90 100 200 1200 5000
Iu LAL90-50 50 100 600 5000
Su LAL90-50 100 200 1200 5000
Iu Grippers 40 100 500 5000
Su LAL300 100 300 1500 2000
Rotary
Standard LAR 30/37/55 150 200 1500 5000
INm LAR90 20 200 300 1500
Direct Drive | LAR20/34/55 50 300 250 3000

It will also be necessary to program the following values. These values are nominal and can

be changed to suit the motion profile as required during the program.

Command Mnemonic Value
Derivative Sampling Frequency FR 1
Integration Limit IL 5000
Phase PH 0
Sampling rate of integral RI 1
Set Acceleration SA 1000
Set Velocity SV 30000
Set torque SQ 32767
Set Servo speed SS 2
Set following error SE 16383

These values can be displayed at any time by typing the TK (tell constants) command. Note

that changing the SS command will alter the SV and SA values produced, as these are

dependent on the clock speed.

29




SMAC

LAC-1 Technical Reference Manual

1. Introduction

The LAC-1 is a one axis stand-alone integrated controller / driver, with input / output (I/O)
capabilities, designed primarily for the control of DC brush type motors or actuators with it's
integrated driver.

The LAC-1 implements a mnemonic type command instruction set via a standard RS-232
serial communications interface. These commands can be executed directly or used to create
command macros which are stored in the onboard nonvolatiie RAM (NVRAM).

The LAC-1 can interface to the real world via the onboard DC motor driver, a quadrature
type encoder interface, 8 channels of HCT TTL digital input and 8 channels of HCT TTL type
digital output, with additional TTL inputs serving for limit, home and fault functions, 4 channels of
10-bit analog to digital (A/D) conversion (1 of which is reserved for monitoring amplifier output
current), and an RS-232 serial communications link. A proprietary RS-422 interface is provided for
I/0 expansion modules.

1.1 Specifications

Description

Stand-Alone 1 Axis Servo Motor Controller / Driver

Operating Modes

Position, Velocity, Torque

Filter Algorithm P1D
Max. Servo Loop Rate 200 uS
Trajectory Generator Trapezoidal

Servo Position Feedback

Incremental Encoder with Index

Output (Standard)

PWM Motor Drive, 3 Amps Cont. and 6 Amps Peak at 50 VDC
Max.

PWM Frequency

Approximately 19.531 KHz

Encoder and Index Input

Single-ended or Differential

Encoder Supply Voltage

5VDC

Encoder Input Voltage

5.5 VDC Max., -0.1 VDC Min.

Encoder Count Rate

2 Million Quadrature Counts per Second

Position Range 32 Bits
Velocity Range 32 Bits
Acceleration Range 32 Bits

General Purpose Digital
110

8 HCT TTL Inputs, 8 HCT TTL Outputs

Dedicated Digital Inputs

Limit+, Limit-, Home and Fault, all TTL

Analog Inputs

4 Channels With 10-Bit Resolution, 3 are user accessible

Expansion /O

Optional Expansion to 64 /O

Communication Interface

RS-232 Serial Interface, Adjustable Baud Rate, 8 Bits, 1 Stop Bit,
No Parity, XON/XOFF Handshake

Supply Voltage

+11 To +50 VDC

Motor Voltage

+12 To +48 VDC

Dimensions

Approximately 5.0” Long by 3.3” Wide by 1.1” Thick

Weight

Approximately 1 Lb.

Table 1. Specifications.




SMAC LAC-1 Technical Reference Manual

8. Index
GO - 37 TD - 30
A HF - 65 TE « 30
HM « 65 TF « 30
AD interface * 11 TéN. '435 50 %G '3?60
Accumulator * 41 D - 60’ TK » 31
Appendix A IE + 50 TL » 32
Error Code Definitions * 69 IF - 50 T™ - 32 58
Appendix B IG « 50 TO-32
Summary of Commands ¢ 71 L+ 21 TP - 32
Appendx © © IN * 50 TQ .32
Co7r12nector Pin Definitions P 51 TR » 32, 47
Automatic Macro Execution « 55 :g 5?11 $$ gj’
Ax!s Var'iable Descriptions 42 U - 51 TV - 35
Axis Variable Locations * 44 JP + 56 UM - 58
JR ¢« 56 VE « 35
C LF « 21 VI - 67
LM« 22 VM « 40
Command LN ¢ 22 WA « 52
AA - 45 LP « 54 WB « 47
AB « 36 LT - 54 WE -« 52
AC - 45 LV « 56 WF « 52
AD - 45 MA « 37 WI « 52
AE « 45 MC « 57 WL - 48
AL - 45 MD « 57 WN -« 52
AM - 45 MF « 38 WP « 53
AN - 46 MG - 66 WR « 53
AO - 46 MJ « 57 WS - 53
AR - 46 MN -« 38 WW -« 48
AS - 46 MP « 54 XF « 67
Bl « 59 MR - 38 XN « 68
BK - 62 MS « 57 ZF + 68
BO - 59 NO - 66 ZZ - 68
BR - 62 00 + 22 Command summary * 71
CD « 63 PH + 23
CF « 59 PM - 38 D
CH « 59 QM -« 39
o RA .46 Dedicated digital inputs * 8
RB - 46 Digital I/O "states" * 9
82‘ :gf RC - 58 Digital /O interface * 8
DB - 19 S:_2437 Downloading commands « 18
DD - 64 RM « 58
DF - 49 RP + 51 E
DH - 36 RT + 66
DI - 36 RW -« 47 Enabling and disabling
DM - 64 SA « 24 interrupts * 13
DN - 49 SC 24 Encoder interface * 11
DV - 55 SD « 25 Entering commands « 17
EF - 64 SE « 39 External fault input « 8
EN - 65 SG .25
EP - 49 S|« 25 F
E\E/ . g? SL « 47
° SQ - 26 ition o
FF « 20 SR . 47 Fault condition « 8
Fl « 37 SS .« 27
FN « 20 ST -39 G
FR« 20 SV .28 o
FV + 19, 21 TA « 29 General purpose digital inputs *
GA - 65 TB + 29 9
GH - 37 TC « 29
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Appendix B

file path (dialog if empty)
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Figure 7.9: Instrumented Grasper VI.
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Figure 7.10: Linear encoder VI.
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Figure 7.11: Initial rig program waveform generator.
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Figure 7.12: Rig program VI - actuator setup.
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Figure 7.13: Rig program VI - actuator write.
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Figure 7.14: Rig program VI - actuator read.
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Figure 7.15: Rig program VI - program initialise.
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Figure 7.16: Rig program VI - set actuator home.
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Figure 7.17: Rig program VI - zero loadcell.
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Figure 7.18: Rig program VI - RS-232 string generator.
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Figure 7.19: Rig program VI - listen state.

219



SMAC Runtime Information

El

Beginning State

o Initialise -]

[» Movement- -]

Lﬁ.~ DAQ Task

M Home™ P]

DOOOOOOOToT

El|

Beginning State

o Zero Loadcell 7] = SMAC Info =
j## Listen - Please ensure door is|
e Tnitialis = closed before pressing
0K
[xim|
e
1+ Loadcell Calib =
o 3]
L Baia Data___[a
Main Ul Tab
= Test pofite | >
Cancel Button
=
. .
.
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Figure 7.22: Rig program VI - movement grasp state.
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Figure 7.23: Rig program VI - movement stop state.
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Figure 7.24: Rig program VI - data save state.

Elfunction [Fout, OT] = TipForceSingle (Fin, LD, 13}
% Define grasper stucture
c = 0.00377; %2Length of linkage 'c' (m}
d = 0.0032; tLength of linkage 'd4d' {m)

fO = 0.00375; % Minmum length of £ (m)

BD = 21.8; % offset from normal of grasper (degrees)

% Calculate

f = LD+E0;
theta = acosd((d"2 - £°2 - c~2)/(-2%f*c)):
OT = theta - AO0;

alphal = asind( (c*=sind (theta))/d);
alpha? = thetatalphal-950;

% calculate force out
Fout = ([c * Fin * cosd(alphal)*cosd(alpha2))}/ (2 * 13)):

—end

Figure 7.25: MATLAB code of mathematical grasper model.
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Data = xlsread(filename) ; %Read in data from excell file to array

Time = Data(:,1): $Extract time data

Force = Data(:,2): $Extract force data

Disp = Data{:,3); fExtract displacement data

M = length (Force);

[Fmax, IF] = max(Foxrce); $Find index of maxXimum force wvalue

ID=M-IT:

DispFLIP = Disp(end:-1:1); £Flip displacement to find first max walue
ForceFLIP = Force{end:-1:1}); %Flip force to match displacement indices
FupFLIP = ForceFLIP (ID:end); %£5plit force array — up

DupFLIP = DispFLIP(ID:end); $£5plit disp array - up

Fup = FupFLIP{end:-1:1); $Flip arrays (otherwise WD will show as negative)
Fup = max (Fup, 0}, fRemove negative values

Dup = DupFLIP({end:-1:1); %Flip arrays {otherwise WD will show as negatiwve)
Fdown = ForceFLIP(1:ID): $5plit force array — down

Fdown = max (Fdown,0): FRemove negative values

Ddown = DispFLIP(1:ID): %£5plit disp array - down

Whup = trapz (Dup, Fup); $Calculate area under top curve

WDhdown = trapz (Ddown, Fdown); under bottom curve

WD = (WDup-WDdown) ; %Calculate final work done

Figure 7.26: MATLAB code of work damage algorithm.
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Figure 7.27: Staining protocol for tissue samples [240].
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Dewax and rehydrate paraffin sections
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Figure 7.28: Histological protocol for tissue sample preparation [240].
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