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Abstract 

Mechanically induced (or iatrogenic) bowel injury from the use of laparoscopic 

instruments can result in devastating effects on patient outcomes both during and after 

surgery. The aim of this work was to investigate exactly how colonic tissue behaves 

both mechanically and structurally when it is subjected to a mechanical load. Analysis 

of force application in laparoscopic surgery is critical to understanding the nature of 

the instrument-tissue interaction. The development of a novel method of both 

histological analysis and mechanical analysis (by which the tool-tissue interaction can 

be characterised) has evolved through this thesis.  

Mechanical and histological analysis was undertaken to quantify the instrument-tissue 

interaction in laparoscopic surgery. This was done in both ex vivo and in vivo 

experiments, using an indentation method and laparoscopic instrument respectively, in 

porcine tissue. Mechanical stress was applied to the colon by indentation applied using 

the Modular Universal Surface Tester (MUST) (FalexTM Tribology USA) in ex vivo 

experiments to mechanically characterise the response of tissue to mechanical loading. 

Histological analysis was performed to examine the architecture of the tissue after 

loading. In vivo analysis of colon grasping was then performed to characterise grasper 

damage both mechanically and histologically. A mechanical measure of energy input 

into the tissue has been linked to consistent histological damage, above a 50 N 

grasping force and a loading input of 300 N.s 

This work has successfully identified specific loading conditions that result in tissue 

injury and is the first to make a link between the mechanical analyses of tissue 

manipulation with change to the architecture of the tissue. 
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Chapter 1. Introduction 

1.1. Background 

The advent of Minimally Invasive Surgery (MIS) has revolutionised abdominal 

surgery in the last three decades. In laparoscopic surgery the instruments are inserted 

through 10-20mm “key hole” incisions in the abdominal wall. The surgeon uses a 

camera to convey the image onto a screen and relies on visual feedback to perform the 

procedure. This conveys the advantages of reduced tissue trauma and risk of adhesion 

formation [1-3], a smaller scar (therefore a quicker recovery time) and consequently a 

shorter hospital stay [4]. The last decade has seen a further advance in MIS capabilities 

with the introduction of the robotic da Vinci® surgical system (Intuitive Surgical, 

Sunnyvale, CA) [5, 6]. This technology comprises a telemanipulator system, which 

allows the surgeon to control advanced, articulating laparoscopic instruments from a 

remote operating position. The operating experience is further augmented by an 

immersive, three dimensional operative field, which together with computer enhanced 

scaling and tremor elimination, offers a new level of surgical dexterity and accuracy. 

Basic laparoscopic instrumentation has changed very little in the three decades since 

the first laparoscopic cholecystectomy, whilst the spectrum of both elective and 

emergency procedures performed laparoscopically has widened [7-18]. Innovation in 

minimal access has also expanded with the introduction of single incision laparoscopic 

surgery (SILS) [19, 20]. This involves a single channel working port containing 

multiple instruments, an example of this is shown in Figure 1-1 [21]. 
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Figure 1-1. Multi-channel port used for SILS show in (A) with intra-abdominal 
image shown in B. Reproduced from a porcine model by Haber et al [21] 

 

The true nature of the tool-tissue interface in laparoscopic surgery is not fully 

understood and the direct contribution of laparoscopic instruments to organ damage, 

for example bowel perforations and tears, has not been fully examined. The role of 

laparoscopic instrumentation in other post-operative complications, such as the early 

development of an ileus (a condition where the manipulated bowel “goes on strike” 

post-operatively, increasing the patient’s recovery time) has not been investigated. 

This thesis is the first step in the understanding of the nature of the instrument-tissue 

interaction. Understanding this has the potential to bring improvements to laparoscopic 

instrumentation design and ultimately deliver a new generation of ‘smart’, truly 

atraumatic laparoscopic graspers, which reduce complications in laparoscopic 

abdominal surgery. 
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1.2. Aims and Objectives 

The aim of this thesis is to investigate precisely how colonic tissue behaves when it is 

subjected to a mechanical load to inform an understanding of the nature of surgical 

manipulations. This contributes to  improving  the  safety  of  laparoscopic  surgery  by  

designing, smart, atraumatic  instrumentation  considerate  of  instrument-tissue  

interaction. 

 

1.2.1. Objectives 

The following objectives will contribute to the delivery of the primary aim: 

i) To review the current literature the mechanical properties of tissue, analysis of 

laparoscopic instrumentation and previous research on the instrument-tissue 

interaction. 

ii) To use an instrumented laparoscopic grasper to provide real-time data about the 

duration and force applied by the surgeon during laparoscopic manipulations 

on abdominal organs. 

iii) To develop and evaluate a methodology to analyse the mechanical response of 

colonic tissue after the application of mechanical stresses equivalent to those 

applied in laparoscopic surgery and identify the extent of irreversible damage 

through correlation with histological measures of tissue damage. 
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iv)  To analyse structural change to the colon after laparoscopic manipulation in in 

vivo measurements and correlate this with the mechanical response of the 

tissue. 

1.3. Thesis Outline 

A detailed literature review is outlined in Chapter 2. This investigates the current 

literature on the mechanical properties of tissue, current laparoscopic instrumentation 

and what is already known about the nature of the instrument tissue interaction. 

Chapter 3 will detail the in vivo experiments performed to develop a methodology to 

investigate the applied forces and durations involved in normal grasping of abdominal 

organs. The effects of applying a load to tissue cannot be investigated without 

information about the parameters involved in normal tissue manipulation. Similarly, 

the mechanical response of tissue after loading and the effect on separate histological 

layers is imperative to investigating how tissue recovers. Chapter 4 is an investigation 

of ex vivo mechanical loading of tissue. This comprises mechanical analysis of tissue 

response along with histological analysis of any resulting change in tissue architecture. 

With information about normal grasping and tissue responses, Chapter 5 analyses the 

mechanical and histological response to normal laparoscopic grasping in vivo. 

Chapter 5 will build upon the methodology developed in Chapter 4; this analysis will 

include investigation into how tissue reacts to normal laparoscopic grasping and 

mechanical analysis of these manipulations. Chapter 6 will provide a critical appraisal 

of the advantages and limitations of these methods and comparison of the methods and 

results with those found in the literature. This will provide a discussion of all of the 

results in the thesis. Chapter 7 will conclude this thesis and provide proposals for 

continuation of this work. Chapter 8 contains the references quoted in this thesis. 
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Chapter 2. Literature Review 

2.1. Overview 

The literature relevant to this thesis spans the disciplines of engineering and surgery. 

The background and current status of minimally invasive surgery has been introduced 

in Section 1.1. This literature review focusses on four key areas; 1. Clinical need for 

atraumatic instrumentation; 2. Current design of laparoscopic instruments; 3. 

Instrument-tissue interaction; and 4. Mechanical properties of tissue.  

2.2. Clinical Need for Atraumatic Instrumentation 

The advantages of laparoscopic surgery in terms of decreased rate of post-operative 

complications is well established [22] but these procedures are considered technically 

challenging, with long learning curves. The proposed learning curve for laparoscopic 

colorectal surgery is reported between 5 and 310 procedures [23]. Surgeons also 

require an experienced scrub team and competent assistant to give a complete view of 

the operative field with the camera. Even with surgical experience, iatrogenic injuries 

do occur. In 2004, van der Voort et al [24] conducted a  comprehensive systematic 

review of laparoscopy induced bowel injury. They reported the incidence of 

laparoscopy-induced gastrointestinal injury was 0·13 %, with a 0.22 % risk of bowel 

perforation. The most frequently injured organ was the small intestine (55.8 %) 

followed by the large intestine (38.6 %). The instruments resulting in injury are shown 

in Table 2-1 [24]. The factors that contribute to these errors include surgeon technical 

error (due to inexperience, fatigue or inadequate view from the camera, for example) 

and complex pathology resulting in inflamed tissue or obliteration of normal tissue 
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planes, making the operation more technically difficult. Often is difficult to attribute 

one factor to these injuries and it is often a combination or surgeon error and complex 

pathology. 

 In a systematic review and meta-analysis of randomized controlled trials, Sammour et 

al [25] found a higher rate of bowel injury (P=0.02) and total intraoperative 

complications (P=0.01) in laparoscopic colorectal operations compared to open 

resections. Over 2000 technical errors were found in a series of 200 laparoscopic 

cholecystectomies analysed by Tang et al [26].  

Table 2-1: Causes of iatrogenic visceral injury in laparoscopic surgery as 
published by van der Voort et al in 2004 [24] 

Instrument Number of injuries 
Trocar or verres needle 114 (41·8) 
Coagulator or laser 70 (25·6) 
Grasping forceps 3 (1·1) 
Scissors 2 (0·7) 
Other 84 (30·8) 

 

The occurrence of a bowel perforation is a disastrous yet wholly avoidable event and 

the mortality rate associated with laparoscopy induced bowel injury is high at 3.6% 

[24]. In laparoscopic colorectal cancer operations, iatrogenic bowel injury has been 

reported as a complication in 2% of colonic and 1% of rectal resections [24]. Reports 

of other visceral injuries in laparoscopic surgery can be found in the literature and 

include bladder injuries [15, 27, 28] and splenic injuries [29]. The underlying principle 

of colonic cancer resection is to remove the intact specimen as an “oncological 

package” containing intact blood vessels and lymphatics to reduce spillage of tumour 

cells and minimise the chance of recurrence. The correlation between good quality 

surgical specimens and improved patient outcomes has been made in rectal cancer, 
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with the technique of total mesorectal excision [30]. Similar principles have been 

employed to colonic cancer and evidence has shown that a complete total mesocolic 

excision, without damage to the mesocolon, can confer up to a 15% survival advantage 

[31, 32]. Exactly how laparoscopic instruments affect specimen quality is not known. 

An important principle of any operation is to cut in the correct plane, a thin interface 

between two structures that, when cut, results in them separating easily. Dissecting 

into the wrong plane can cause damage to other structures. Although this is a factor in 

tissue damage it is still the grasper that is coming into contact with the tissue and the 

ideal laparoscopic grasper would not induce trauma to the surgical specimen. 

Abdominal organs are manipulated laparoscopically by surgeons in a variety of 

surgical specialities including hepato-pancreatico-biliary surgery, upper and lower 

gastro-intestinal surgery, gynaecological surgeons, urological surgeons and transplant 

and endocrine surgeons. In urological surgery, published results of 1000 laparoscopic 

radical prostatectomies stated a 1.3% rate of rectal injury, with one patient requiring a 

colostomy [33]. Rates of bowel injury in laparoscopic urological procedures have been 

quoted as 20 per 1000 recognised intra-operatively in a large published series [34]. Of 

note, one of those patients died of multi-organ failure [34]. A number of studies have 

reported rates of bowel injuries in gynaecological laparoscopic procedures [15, 28] In 

2008 a Kyung et al [15] published a retrospective clinical study of over 2000  

laparoscopic gynaecological procedures and reported iatrogenic complications from 

the surgery including bladder, major vessel, ureteric and diaphragmatic injuries. The 

rate of bowel injury was 0.11%. The incidence of bowel injury appears to increase in 

patients who have undergone previous abdominal surgery and therefore have scar 

tissue that makes the surgery more technically difficult to perform. In a further series 

of 307 laparoscopic gynaecological procedures in patients who had previously 

undergone open abdominal surgery, 35 patients (11.4%) sustained a bowel injury [35].  
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Laparoscopy has been increasingly used in emergency abdominal surgery for over two 

decades [9, 14,16, 36], but there is concern that it is riskier to manipulate friable, 

inflamed and diseased tissue, such as may be the case in emergency operations, 

compared to the tissue in elective procedures. Acute small bowel obstruction is one 

example of a pathology where the bowel will be distended and thin, therefore 

potentially more prone to damage when handled laparoscopically.  Suter et al [16], 

reported results from 83 patients who had undergone a laparoscopic operation for acute 

small bowel obstruction between 1991 and 1998. Of this series, four patients showed 

signs of peritonitis in the early post-operative period and required a re-operation for 

closure of what appeared to be an iatrogenic bowel perforation. More recently in 2011, 

for the same pathology, Tierris et al [9] reported a conversion rate to open surgery of 

18.7%, with 33% of these patients being converted due to a iatrogenic intestinal 

perforation. A systematic review of the literature was published in 2012 by Winter and 

O’Connor [14], performing an in-depth analysis of results for a laparoscopic approach 

to acute small bowel obstruction. This group found that in 29 studies of 2005 patients, 

10.3% of conversions were due to iatrogenic bowel injury. In 1673 patients, data for 

unintentional enterotomies (incisions in the small intestine resulting in spillage of 

bowel content) were available, with the overall rate being 6.6%. Of these, 84% were 

recognised during the procedure. The 16% that were not recognised immediately 

resulted in the patient undergoing further surgery [14]. Scar tissue in the abdomen 

from previous surgery disrupts tissue planes and results in more technically 

challenging procedures. Rates of bowel injury from laparoscopic adhesiolysis 

procedures have been quoted as between 3% [37] and 17.6% [38], higher than normal 

laparoscopic abdominal procedures.  
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In an attempt to understand how injures occur and the importance of technical skill, 

Bonrath et al [39] used “Objective Structured Assessment of Technical Skill 

(OSATS)” global rating scale to assess technical skills in unedited videos of 

laparoscopic Roux-en-Y gastric bypass procedures. Analysis of error and event 

patterns demonstrated that even minor errors, such as slipping off the bowel with an 

atraumatic grasper, could cause an organ injury that required repair [39]. It has also 

been shown that surgeons have difficulty anticipating slippage of tissue when 

performing manipulations and are unable to modify the amount of force applied when 

grasping tissues of varying stiffness [40].   

Although it is known that entry injures and thermal injuries do occur, tissue handling is 

performed by laparoscopic graspers and therefore it is imperative that these 

instruments are designed optimally to prevent iatrogenic trauma, which results in 

further surgery, morbidity, stoma formation and mortality.  

 

2.3. Current Laparoscopic Instruments 

Laparoscopic instruments are inserted through port sites in the abdominal wall, as 

shown in Figure 2-1, and the surgeon views the operative field through the 

laparoscopic camera, which transmits the image to a video screen viewed by the 

surgical team. In robotic assisted surgery, the instruments are attached to the robotic 

arms, which are in turn controlled by the surgeon in a master-slave configuration. 

Laparoscopic port incisions are typically 10mm or 12mm in diameter for the camera 

port, with other ports being 10mm or 5mm. Instruments include graspers, scissors and 

hooks and these are used to grasp, retract and manipulate tissue, perform blunt and 
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sharp dissection, coagulation and to secure a needle for suturing. The design of 

laparoscopic instruments so far has included a grasping or cutting tip to correspond 

with the instruments that are used in open surgery, a shaft which fits through a 

laparoscopic port, creating a fulcrum effect on the abdominal wall, and a ringed, pistol 

type handle allowing the jaws of the grasper or scissors to open and close [41]. An 

example of a typical laparoscopic grasper is shown in Figure 2-2. There are variations 

in the laparoscopic handle configuration including in-line, pistol grip configurations 

and shank handles [42, 43]. 

 

Figure 2-1: Schematic of laparoscopic surgery: (a) port; (b) grasper; (c) 
insufflated abdominal cavity; (d) laparoscope. Reproduced from Culmer et al 

[44] 
 

 

Figure 2-2: Short fenestrated grasper (Surgical Innovations Ltd. LogicTM 
(2010)) comprising of grasper handle, shaft and instrument tip 
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2.3.1. Grasper Jaw Profiles 

Laparoscopic surgery relies on tissue manipulation by surgical instruments as opposed 

to the surgeon’s hands as is the case in open surgery. Choosing an appropriate grasper 

to handle tissue is imperative to a surgeon’s work. The choice of grasper in terms of 

the jaws depends on the tissue being grasped and the difficulty of the dissection. 

Grasper jaws are made of stainless steel and can may be toothed or non-toothed, 

fenestrated or with a waveform pattern. Many graspers have a serrated surface that, 

along with pressure applied through the jaws, enables them to grasp tissues without 

slippage. Examples of different laparoscopic grasper tips are shown in Figure 2-3. 

Figure 2-3 (a) shows the crocodile forceps which are used to grasp tough tissue, for 

example retract the fundus of a gallbladder. Figure 2-3 (b) shows the short fenestrated 

atraumatic grasper which is used to grasp and manipulate delicate tissue such as bowel. 

Figure 2-3 (d) shows the atraumatic babcock, also used for delicate tissue. Figure 2-3c 

shows the fine toothed traumatic forceps would classically used to hold a specimen 

bag containing, for example, a gallbladder, when grasping the bag and removing it 

from the abdomen. The ideal laparoscopic grasper will grip the tissue and allow the 

surgeon to perform the required movement without causing unnecessary damage to the 

tissue being grasped or to adjacent structures. This not only depends on the properties 

of the grasper jaws but the force applied by the surgeon. One drawback of laparoscopic 

instrumentation is the lack of haptic feedback available to the surgeon. In open 

surgery, the surgeon’s hand is able to gauge the amount of tension placed on the 

tissues and the physical properties of tissue. In laparoscopic surgery this ability is 

removed and the surgeon relies on acquired competence and visual feedback to work 

out how much force to place on the tissues. This leads to the potential for application 

of inappropriate forces at the instrument-tissue interface. If grasping forces are too 
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low, contact with tissue is lost, but excessive force can lead to irreversible tissue 

damage. This has resulted in studies of laparoscopic grasper tips in order to optimize 

the design of these tips and prevent inefficient grasping and tissue trauma. 

 

 

Figure 2-3: Examples of laparoscopic grasper tips (Surgical Innovations Ltd.); (a) 
crocodile forceps (traumatic), (b) short fenestrated (atraumatic), (c) fine toothed 
forceps (traumatic), and (d) babcock (atraumatic). Reproduced from Russell et al 

[45]  
 

 

2.3.2. Analysis of  Surgical Grasping 

Laparoscopic grasper jaws typically use a pivoted scissor mechanism and so apply 

pressure unevenly along their length. More pressure is applied closer to the joint, 

where there is a pinch-point that can bruise or even tear tissue. The jaws also tend to 

push objects outwards when they close, making it difficult to grasp larger organs [46] 

such as the gallbladder. The effectiveness of surgical grasping was the subject of a 

study by Heijnsdik et al [47] in 2002, who examined the effectiveness of laparoscopic 

grasping and found a low percentage of laparoscopic grasping actions, concluding that 

this indicted that the design of laparoscopic grasper was sub-optimal . This group 

studied surgeons’ grasps by analyzing video recordings of 25 different surgical 
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procedures (comprising laparoscopic cholecystectomies and colectomies). In total, 

62% of the grasping movements were successful, defined by the surgeon being able to 

perform the desired action, without repeated clamping, slip, or obvious damage [47]. 

More junior surgeons made fewer successful movements and used longer clamping 

times, perhaps indicating that more experienced surgeons have adapted to the 

drawbacks of MIS and the graspers themselves [47]. 

 The grasping performance of different grasper jaw profiles was the subject of a 

number of studies in the early 2000’s [48-50]. De Visser et al [48] investigated how 

the design of the jaws of laparoscopic instruments corresponds to the slip and damage 

forces [48]. They concluded that although sharp points on the jaws lead to lower slip 

forces, they reduce the area of contact between the jaw and the tissue, resulting in 

higher pressure on the tissue. Generalised slip and damage behaviour was plotted as a 

function of pinch and pull forces. Another cause of inadvertent injury in laparoscopic 

surgery is slip of the tissue from the grasper jaws, normally resulting from inadequate 

forces on the tissue from the grasper jaws. Any combination of the two forces above 

the damage line will cause a level of damage that should not be tolerated in 

laparoscopic surgery [48]. The coloured area represents a safe working area that 

surgeons should aim to operate within [Figure 2-4]. In order to keep within this safe 

working area, a comprehensive knowledge of how grasper tips affect tissue is 

imperative. A number of studies have analysed the profiles of grasper jaws [50, 51].  

Bondakar et al [50] analysed the behavior of a grasper with wedge-like teeth when 

pressed into a linear elastic material. The study showed that under a constant load the 

contact area increases exponentially, therefore fast unloading is essential when 

preventing any damage to the tissues. By increasing the number of teeth, the rate of 
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change of contact area is reduced [50]. Causing damage by inappropriate traction and 

slippage can occur in laparoscopic surgery. 

 

Figure 2-4: Diagram of safe area of laparoscopic grasping. Reproduced from De 
Visser et al [48] 

 

Marucci et al [51] established an in vitro model of the instrument-tissue interface by 

gripping fresh sheep stomach tissue with variable apposing pressures. The tissue was 

extracted at a rate of 50 mm/min until either the grip failed or the tissue was damaged. 

They concluded that increasing the size of the grip teeth increased grip security but 

resulted in greater tissue trauma. Jaws with a wave pattern, as opposed to plane or 60 

degree angle teeth resulted in significantly less trauma but this was only observed 

macroscopically by the tissue tearing [51]. The same authors [52] modified 

laparoscopic grasper tips by replacing the distal 1.5mm of metallic teeth on the upper 

and lower jaws with silicone. The peak pressure measurements between the modified 

and original graspers were compared using a thin film electronic pressure sensor 

between the jaws of the grasper and the simulated tissue. Peak tip pressures generated 

by the silicone tipped grasper were significantly less than by the unmodified grasper. 
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The reduction in peak tip pressure was larger at higher load orientations [52]. Further 

work from this group involved modifying the grasper tip to have a curved edge and 

repeating the experiments to compare this to an unmodified grasper. The principal 

finding was that a curved edge can moderate the high pressures generated at the tip of 

a laparoscopic grasper. The effect of the curved edge became greater as the angle of 

retraction of the grasper increased. This was work carried out using a 1 cm by 4 cm 

soft leather strap to simulate tissue, so although the forces and angles were measured 

little is known about the significance of any reduced forces, brought about by these 

modifications, on the physical damage to tissue [53].  More recently another method 

has been used to prevent the high pressures generated at the tips of laparoscopic 

graspers. The “parallel occlusion method” aims to generate even pressure distribution 

on the tissues being grasped and less trauma to the tissues [54]. This is opposed to the 

usual pivot method, which is predominantly used in instrument design. Brown et al 

[54] investigated three different aspects of instrument jaw geometry in their 

experiments: the impact of fenestrations; the ratio of contact surface to fenestration 

area; and surface profiling. They tested the conditions on ex vivo porcine large bowel 

using loads commonly encountered during laparoscopic surgery. The tissue was then 

pulled until free from the jaws through a pulley system at an angle of 90°. Looking at 

fenestration design, there was no difference between the fenestration designs studied, 

but at all applied forces the retraction force needed to pull tissue from any fenestration 

design was significantly more than that needed to pull tissue from the control, non-

fenestrated jaws. Considering the ratio of surface contact to fenestration area, the best 

tissue retention was encountered with ratios ranging from 1:0.8 to 1.1. This study 

lacked histological data on potential tissue damage with these grasping profiles [54] 

but was a significant step in optimising the profiles of grasper jaws. Goyzueta et al 

[55] carried out similar work,  replacing the rigid grasper jaw with a fully  compliant, 
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monolithic jaw that deforms during tissue grasping to reduce the peak pinch force 

applied to the tissue. Pinch and pull force were tested on porcine liver. The average 

maximum pull force for the compliant grasper was 1.4 N compared to 8.1 N for the 

rigid control grasper. With the latter, significant macroscopic trauma was observed in 

the liver tissue samples following each trial [55]. 

The parallel occlusion grasper is rarely used in clinical practice and, so far, no 

modified grasper tip has become commonplace in clinical practice. Knowledge of the 

instrument tissue interface, histological tissue damage, force application and the 

contribution of patient and surgeon related variables should ideally be studied to 

inform better atraumatic instrument surfaces. 

 

2.4. The Instrument-Tissue Interaction 

Information about the instrument-tissue interaction in laparoscopic surgery can be used 

to inform the design of surgical simulators [56], test the aptitude and progress of 

surgical trainees [57, 58] and contribute to data on the mechanical properties of tissue 

[59, 60]. Similar concepts have been applied in other areas of surgery, such as 

neurosurgery [61] to contribute to simulated surgical training and Ear Nose and Throat 

(ENT) surgery to analyse forces that may contribute to post-operative complications 

[62]. The forces used in microsurgical instruments have also been subject to 

investigation [63, 64].   

The interaction between a laparoscopic grasper and the tissue is a complex one. Both 

the features of the tissue and the instrument must be taken into consideration, as well 

as the nature of manipulation being performed. For example, when performing a 

laparoscopic cholecystectomy (removal of a gallbladder), retraction must be placed on 
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the gallbladder to allow the surgeon to identify a “safe” anatomical triangle showing 

the cystic artery and duct clearly and allowing them to be clipped and cut to free up the 

gallbladder. Excessive force and retraction can cause the gallbladder to perforate, 

spilling stones and bile into the abdominal cavity and increasing the patient’s risk of 

developing an infection. Too little retraction will not give an adequate view of the safe 

anatomical triangle, which is needed to successfully identify and clip the cystic artery 

and duct. This becomes even more difficult in an inflamed, friable gallbladder, which 

can be more easily perforated. In fact, it is estimated that 25% of gallbladder 

perforations during laparoscopic cholecystectomy are due to grasper injury [65].  

In order to be able to identify “unsafe” grasping, grasping “which can result in damage 

to structures (serosal tears, perforations or bleeding)”, normal tissue manipulation must 

first be quantified. When investigating the grasper-tissue interaction there are a large 

number of variables to consider. Some of these are have been summarised and detailed 

in Table 2-2. The wide number of variables involved in investigating the complex 

nature of tissue grasping has contributed to the slow progress and limited data 

availability especially on real surgical specimens. 

Table 2-2: Variables affecting the grasper-tissue interaction 

Surgeon Factors Instrument 
factors 

Tissue factors 

Surgical experience 
Surgical competence 

Surface area Inflammation 

Time pressures Surface 
fenestrations 

Adhesions 

Amount of force Port position  
Amount of retraction   
Torque applied   
Force direction   
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2.4.1. The Role of Force Feedback 

Studies have demonstrated the beneficial role of force feedback, or haptics, in surgical 

skills training [66], particularly in advanced surgical tasks [67] and in demonstrating 

improvements in the training of novice as opposed to expert surgeons [68]. Despite 

these studies, the most recent comprehensive systematic review on the role of haptic 

feedback in standard laparoscopic, robot-assisted surgery, and virtual reality training 

[69] concluded that,  in the current literature, there is no clear consensus on the 

importance of haptic feedback in minimally invasive surgery. A survey of surgeons 

with differing levels of surgical experience actually found that in the use of virtual 

reality simulators, handles that provided force feedback were found to be unrealistic as 

opposed to those without, despite the majority of surgeons agreeing that force 

feedback is necessary for an accurate virtual reality simulator [70]. Several groups 

have used sensors to try and identify tissue variations, specifically in distinguishing 

malignant tissue from benign tissue [71, 72].  

The role of force feedback was the focus of a study by Tholey et al [73]. This group 

developed a prototype automated robotic assisted laparoscopic grasper with force 

feedback capability along with an information-enhanced display to provide vision and 

force feedback to the user while manipulating tissues. The force feedback capability 

was designed to help surgeons differentiate tissue stiffness through a haptic interface 

device. This group used hydrogels to approximately represent normal liver tissue, a 

tumor in the formation stage and fully developed tumor. Their results confirmed that 

surgeons performed significantly better at identifying tissues when provided with 

vision and force feedback than either vision alone or force feedback alone. Robotic 

assisted surgery, although enhancing the laparoscopic technique by providing 3D 

vision, tremor control and improved dexterity, does not have force feedback 
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capabilities. Wagner et al [74] at Harvard University examined surgeons  using a 

telerobotic system to expose an artery in a synthetic model and compared performance 

between force feedback gains of 75% and 150% to no force feedback. This study 

focused on blunt dissection of tissue and is of high clinical relevance (in choosing an 

artery imbedded in surrounding tissue for this task) as bleeding can occur in 

performing this maneuver. An appropriate instrument (hook dissector) was also chosen 

to model dissection with electrocautery.  A viscoelastic material similar to play dough 

was used to simulate the tissue bed, with the artery represented by a stiffer clay 

material. The steady dragging force of the blunt dissection hook embedded 5 mm into 

the model tissue material was measured as 0.5 N, and embedded into the model artery 

material was measured as 3.5 N.  In the absence of force feedback, the average force 

magnitude applied to the tissue increased by at least 50% and the peak force magnitude 

increased by at least a factor of two. The proportion of errors that resulted in tissue 

damage increased by more than a factor of three.  Of note, the rate and precision of 

dissection did not improve significantly with the incorporation of force feedback [74].  

The use of sensors on laparoscopic instruments has therefore been primarily to study 

force feedback in surgery [71, 75-77]. Despite this large body of work, there has not 

been a concerted effort to identify typical forces that may result in tissue damage and 

apply this to knowledge to improve surgical practice.  

 

2.4.2. Measuring Parameters of Laparoscopic Grasping In vivo 

Attempts have been made over the past decade to measure the forces in minimally 

invasive surgery (MIS) manipulations [56, 57, 76, 78-82], but no real-time system is 

available in clinical practice to inform the surgeon of excessive grasping forces or 
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durations or to provide the surgeon with data about the safety of the tissue 

manipulation as they operate.  Such a system would need to have the following 

features: be able to be used with current standard laparoscopic instrumentation with 

minimal modifications if necessary; be easily sterilized for repeated use in theatres; 

and to be used intuitively with the surgeon as they operate without distracting them 

from the procedure. The focus of some of these systems are in the simulation setting 

for surgical training [81] or in experiments looking into the role of force-feedback 

[80].   In order to understand the instrument-tissue interaction, laparoscopic grasping 

needs to be quantified, with a robust and repeatable methodology, measurement of 

force applied to the tissue and duration of tissue manipulations. 

Several groups have used laparoscopic instrumentation real-time in ex vivo [56] and  in 

vivo surgical tasks [58, 79] to understand the mechanics of laparoscopic grasping.  

Cuschieri et al [79] developed a system to measure the gripping, dissecting, pulling 

and pushing forces as well as the force vector at a port site and determining the 

position of instrument’s jaws.  Data were displayed in real time as the surgeon 

manipulated the tissue. The force measurement system comprised of sensors mounted 

on a forceps handle, a port force direction assembly, an electronic interface comprising 

isolation and output conditioning electronics, an analogue to digital converter and 

software to record and display results synchronously whilst the operation was being 

performed. This study, although proving the feasibility of this system, did not include 

results on tissue manipulation forces. 

A system known as the Blue Dragon was developed by Brown et al [78] to track the 

forces and motions applied to surgical tools during live procedures in order to provide 

quantitative data on the manipulations used by surgeons in a typical minimally 

invasive surgical procedure. This group used an actuated Babcock grasper to measure 
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the force at the grasper handle, the angle of the jaw and grasp duration. The system 

was used to analyse 31 surgical residents performing two surgical tasks: running the 

bowel in two directions, and passing the stomach behind the esophagus (stomach 

wrap). They found that the mean force applied to the grasper handles during tissue 

grasps was 8.52 N ± 2.77 N and the maximum force was 68.17 N, however, this was 

rarely reached. More expert surgeons tended to apply greater average grasping force 

and moved the handle with higher frequencies. Significantly greater forces were 

applied during the stomach wrap task compared to bowel running [78]. The average 

grasp time was 2.29s +/-1.65 seconds. When studying five expert surgeons during 

three different surgical tasks this group found that 97.1% of the grasps performed were 

held for less than 10 seconds (both hands) [78]. Heijnsdijk et al [47] analysed colon 

grasp times in videos of ten laparoscopic colectomies. In 89% of grasps the colon was 

clamped for less than one minute. An average of three times per operation, the colon 

was clamped for longer than three minutes, up to a maximum of 7 min [47]. The 

drawback of in vivo force measurement is that jaw force and angle are extremely 

difficult to measure directly by placing sensing elements on the small grasper jaws.  

Susmitha et al [56] used two different types of sensorised graspers to determine the 

factors that influence force application in laparoscopic pinching in an ex vivo 

experimental set-up. Grasper handle angle, tool-tip force and handle force were 

measured. Strain gauges were used on the handle to calculate handle force, and tip 

force was measured using a bespoke force-sensitive resistor. Twelve surgeons were 

placed into four groups based on operative experience (novice surgeons, surgeons with 

less than five years’ experience, five or more years, 5 to 10 years and more than 10 

years). Surgeons were instructed to grasp six abdominal organs for 15 seconds with 

and without visual feedback. The statistically significant factors that determined 
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applied force were surgical experience, type of tissue and visual feedback. The grasper 

type was not a significant factor. The forces measured at the grasper handle and tip are 

shown in Table 2-3. 

Table 2-3: Grasping force at the handle and tip for six abdominal organs in 
experiments by Susmitha et al [56] 

Grasped organ Handle Force (N) 
 

Tool-tip force (N) 

Stomach 3.44 0.58 

Gallbladder 2.33 0.29 

Liver 2.36 0.39 
Small intestine 2.29 0.26 

Spleen 2.62 0.35 
Large intestine 2.60 0.37 

 

2.5. Assessment of Tissue Damage in Surgery 

Analysis of force in minimally invasive surgery is imperative in understanding the 

nature of the instrument-tissue interaction and the degree of macroscopic and 

microscopic tissue trauma incurred to abdominal organs. Several studies have 

attempted to relate laparoscopic grasping to measureable histological damage [65, 83-

87] for a number of abdominal organs such as the gallbladder [65], small bowel [84, 

88], large bowel [84] and leading work on soft tissue damage has examined clamping 

of arteries using similar principles [85]. The most comprehensive study to date 

analyzing the effects of mechanical stress on tissue was performed in the thesis work 

of De [83]. She used a motorized endoscopic grasper fitted with a Babcock grasper tip, 

which is flat, paddle-like and atraumatic.  In vivo experiments were performed in a 

single porcine model. Compression stresses of 0, 60, 120, 180 and 240kPa were 

applied to the liver edge, the small bowel and the ureter. Compression stresses were 
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held for 10 or 30 seconds and 3 repeats were performed for each parameter on a 

different part of the organ. The animal was left for three hours for an injury response to 

develop and before the tissue was resected and fixed for histology, analyzing the 

structural architecture of the tissue, inflammatory response and cell death. A graded, 

non-linear response was found between the magnitude of the applied stress and 

neutrophil infiltration and apoptosis in the small bowel and neutrophil infiltration in 

the small bowel. This work provides a novel approach to damage assessment and is the 

first time that measures other than purely structural analysis were performed to signify 

tissue damage. 

Organ specific studies are detailed below.  

 

2.5.1. Gallbladder 

Marucci et al [65] studied the area of the gallbladder that had been grasped by 

laparoscopic forceps compared to an untouched excised area (control sample). They 

devised a grading system of histological change to represent mild, moderate and severe 

damage. The histological features measured included: focal thinning of the gallbladder 

wall; epithelial loss; interstitial blood loss; and serosal change. The presence of these 

changes versus the control samples was statistically significant [65]. The clinical 

significance of these results clearly leans towards the potential to perforate the 

gallbladder wall intra-operatively, however, this group presented a relatively small 

sample size and did not measure the amount of force applied by the grasper.  
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2.5.2. Small and Large Bowel 

Motivation to analyse small and large bowel trauma has been performed to inform the design of 

laparoscopic instruments [84], analyse the safety of novel grasping methods [87] and assess 

novel treatments for small bowel pathology [88].  Miyasaka et al [88] measured distractive 

forces on ex vivo human and porcine small bowel. This was in the context of increasing small 

bowel length by the application of linearly directed forces, for potential use in the 

treatment of short bowel syndrome. This group looked at histological evidence of 

loading damage and used a histological scoring system. This is shown in Figure 2-4. 

Visible damage to the bowel was noted at the gross level with loads starting as early as 

235 gf (gram-force) for pigs and 295 gf for humans. This failure was localized, 

however, and no significant histologic changes were found at the microscopic level 2 

cm away from the injured areas.  

Table 2-4. Histological grading system for damage of the small bowel 
reproduced from  Miyasaka et al [88] 

Tissue layer Damage grading 
Submucosa Normal (0) 

Microscopic tears seen (2) 
Muscularis Normal (0) 

Thinning of the muscularis without tearing (1) 
Microscopic tears seen (2) 

Serosa Normal (0) 
Microscopic tears seen (2) 

 

As well as testing tissue damage conditions, Miyasaka et al [87] conducted tests to 

determine load levels that adversely effected blood flow through the mesentery (the 

layer of tissue that contains the vascular supply to the small bowel. A laser Doppler 

device was used to capture blood flow and compromise was seen at forces over 100 gf. 
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Heijnsdijk et al [84] studied the perforation forces of small and large bowel to identify 

safety margins for the use of laparoscopic forceps. Inter and intra-individual variability 

and the differences in perforation forces between small and large bowel tissue and 

between pig and human tissue were obtained and are shown in Table 2-5. In this study, 

the tissue was pinched between hemispheres at the end of a lever. Electrical resistance 

was measured between the hemispheres and a perforation identified when the electrical 

resistance decreased to zero. Results showed that there were large differences in intra-

individual variability. In addition, the large variation in perforation forces complicates 

the potential for designing tissue friendly forceps. 

Table 2-5. The mean perforation force, standard deviation and inter and intra 
coefficients of variation (CV) between pig and human bowel, table adapted from 

Heijnsdijk et al [84] 

Tissue Perforation force (N) CV inter (%) CV intra (%) 
Pig, large bowel 13.5 +- 3.7 27 18 
Pig, small bowel 11 +- 2.5 22 14 

Human, small bowel 10.3 +- 2.9 28 17 
 

2.5.3. Soft Tissue Studies Using Artery 

Leading work in soft tissue damage has been performed in the vascular system. 

Famaey et al [85] studied the correlation between mechanical loading and histological 

damage in vascular clamping. Studies were performed in vivo on rat abdominal aorta 

(which mimics the size of human arteries). A custom-made clamping device was used 

to apply a gradual pre-defined clamping force to the artery [Figure 2-5].  High loading 

levels were compared with low loading levels (5 N and 0.5 N respectively). 

Additionally, normally used mosquito clamps and control samples that had not been 

clamped were compared. Haematoxylin and eosin staining and endothelial cell counts 

were performed to assess endothelial damage, which was found to occur at all levels, 
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but more so with the mosquito clamp which is used in surgery. The results showed that 

clamping an artery at a loading level close to the minimal occlusive force (where the 

whole vessel occludes) will avoid damage to the medial layer, but there will still be 

some endothelial damage. Clamping at much higher loads, but with a smooth surface, 

will cause less damage to the elastic lamellae and no visible inflammatory reaction, 

when comparing it to a mosquito clamp, but the functional results are similar. There 

are several methodological considerations: the duration of clamping was not taken into 

consideration and a single duration of clamping was used. Variables such as speed of 

clamping, position of the jaws and tissue recovery would need to be taken into 

consideration to have a full picture of how tissue is affected by varying force. A further 

study was then performed to identify critical loading regimens in arterial clamping in 

robotic surgery with a view to optimising clamp design [89].  

 

Figure 2-5: Custom made clamping device by Famaey et al [85] 

 

 

Figure 2-6: Results of endothelial tests showing a reduced endothelial cell count 
with higher load, and compared to a mosquito clamp. Reproduced from Famaey 

et al [85] 
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2.5.4. Liver 

Assessment of structural liver damage was performed in the De et al [83] experiments 

discussed in Section 2.5, macroscopically by Goyzueta et al [55] (when analysing 

surgical grasping, as discussed in section 2.4.2) and by Li et al [90] in experiments 

detailed here. They used a laparoscopic grasper to identify trauma thresholds in 

porcine liver. Serrated atraumatic grasping forceps with a contact area of 24 mm2 were 

used to assess friction behaviour at the grasper/liver tissue interface. Analysis was 

done in vitro which allowed a limited assessment of damage including hyperemia, 

hemorrhage, hematoma and crush (as shown in Figure 2-7). From 1-3 N almost no 

damage was observed on the surface of the liver. At 5 N, obvious hyperemia appeared 

in the site of the liver in contact with the jaw edge. Varying degrees of hemorrhage and 

hematoma appeared in the liver when the clamping force was between 7 N and 11 N. 

The cut-off clamping force that resulted in the liver being crushed was 13 N.  

 

Figure 2-7. Traumatic liver surface after application of a 15 N clamping force 
showing markers of traumatic injury such as haematoma, haemorrhage and crush 

[90] 
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Figure 2-8. Compression pressures on the liver resulting injury in vitro. Injury 
evaluation was defined as hyperaemia (+), haemorrhage (++), haematoma (+++) 

and crush (++++) [90] 
 

2.6.  Innovations in Surgical Grasping  

Attempts to improve minimally invasive tools have been made in response to the 

clinical need for more dexterous and less traumatic instruments with enhanced force 

feedback as more complex procedures are carried out. Modified instruments have been 

designed to be used in robotic surgery and SILS [21]. It has been long known that 

laparoscopic instruments marketed for a specific surgical task are often used to 

perform a variety of manoeuvres [91].  Mehta et al [91] reviewed 29 laparoscopic 

procedures performed by eight different surgeons and reviewed the number of distinct 

tasks that each individual instrument had the ability to perform. The atraumatic grasper 

was used in five surgical tasks: retracting with grasping; retracting without grasping; 

dissecting; and holding sutures for suturing and tying sutures. The use of instruments 

in this way can be explained by the need for economy of movement in surgery and the 
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fact that frequent exchange of instruments increases the operative time for a surgical 

procedure [92]. In response to this, there have been experimental innovations to 

improve laparoscopic graspers, including the application of force-feedback sensors 

[77], designs based on an artificial hand [92, 94], prototypes of  multi-functional 

laparoscopic instruments with scissor and grasper components [95], soft-pneumatic 

chamber gripper devices [96], vacuum suction  for atraumatic grasping [87], use of 

active constraints to prevent tissue trauma [46],  and multiple sensors [97], for example 

to identify tissue ischaemia [98]. 

Rosen et al [94] designed and built a prototype laparoscopic tool in the configuration 

of an artificial hand. This combined multiple surgical tools, such as graspers and 

retractors, into a single instrument that fits into a 12mm laparoscopic port. The tool 

handle was able to provide control for finger motions of bending and spreading, 

fingertip bending and thumb bending. This instrument was tested in a cadaver and 

demonstrated the ability of the instrument to grasp, elevate and move several organs 

without any adverse events [94]. The desired grasping force at the distal end of the end 

effectors was estimated at 10-20 N by measuring the hand strengths of surgeons [94]. 

 

At Massachusetts Institute of Technology, Reyda et al. [46] produced a  prototype 

grasper with a number of  features to improve the safety of grasping, including parallel 

occlusion mechanism, pressure detection sensing and the ability to provide tactile 

feedback [46]. The main disadvantage of the studies discussed is the consistent lack of 

proof of concept through analysis of the tissue being grasped. In the latter study, a 

warning was applied by vibration in the handle to alert the user if they had applied too 

much force. The prototype was tested on a banana and authors stated that the vibrating 

mechanism was activated before any damage was done [46], however, there is no 
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detail supplied on force cut-off and how damage is quantified or assessed. An 

alternative use for an instrumented surgical tool has been employed by Roan et al [97] 

by modifying the previously described motorized endoscopic grasper designed by 

researchers at the University of Washington [60] to replicate ischemia detection 

measurements. Detection of tissue ischaemia has also been the focus of a number of 

other studies [88, 98] as disruption of the vascular supply of the small and large bowel 

contributes to anastomotic leaks [99]. 

 

The novel method of vacuum grasping was used by Vonck et al [87] as an alternative 

method of atraumatic tissue manipulation. Two prototypes were constructed on the 

same technical principles but differed in inlet diameter and use of either a one-way or 

two-way suction system.  To test these prototypes two experienced surgeons 

performed two maneuvers: 1. the tissue was grasped and lifted 90 degrees upward 15 

cm, and 2. the tissue was grasped and pulled horizontally 20 cm. 160 manipulations 

were performed in total. Histological assessment of tissue damage was not carried out, 

however, both surgeons macroscopically examined the tissue after the 160 

manipulations had been carried out and graded the bowel according to 5 visible levels 

of tissue damage. In all, only 63 ecchymoses (bruising of the bowel) occurred with no 

other damage occurring [87]. This may be a safe and feasible method of bowel 

manipulation with further development.  

 

2.7. Mechanical Properties of Abdominal Organs 

There has been a large body of research on the mechanical properties of tissue over a 

number of decades. Early research into the rheological behaviour of planar soft tissues 

including skin, mesentery and other body membranes was motivated by clinical 
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interests such as plastic surgery, wound healing and dermatology [100]. More 

contemporary research is motivated by the need to inform the development of 

diagnostic devices [101] [102] assess biomechanical parameters in healthy and 

diseased tissue [103], enhance the design of virtual reality simulators [104]. This thesis 

will attempt to address gaps in the literature by investigating a method to describe the 

behaviour of colonic tissue when a mechanical load is applied. Quantifying the viscous 

and elastic components of the colon, and correlating these with the microscopic 

architecture of the tissue will achieve this.  

Early research in this field was carried out by Fung et al [105] in the 1960s, who 

concluded that the elasticity of living soft tissues was strongly non-linear based on 

experimental results from rabbit mesentery. Tensile testing was performed and it was 

found that normal elastic responses were only found at sufficiently low stresses, the 

tissue deviated from Hooke’s law under unlimited stresses and ultimately failed. 

Abdominal organs are soft biological tissues that exhibit complex mechanical 

characteristics including viscoelastic, non-linear, anisotropic and inhomogeneous 

behaviour. Viscoelasticity is the product of fluid flow resistance (viscosity) and solid 

behaviour (elasticity) within the cellular level of soft tissues. The viscoelastic 

properties of soft tissue can be explained by spring-damper physics-based models, 

where the spring represents the elastic solid-like and dashpot exhibits viscous fluid-

like behaviour. These characteristics are time-dependent and usually associated with 

the tissue’s relaxation time. For extremes of time scale the tissue may not appear 

viscoelastic at all. Many approaches have been used to model the time-dependent 

response of solid soft tissues, including the widely used and well accepted quasilinear 

viscoelastic theory by Fung [106]. Investigating the mechanical properties of hollow 

organs such as the small bowel and colon is more complex because parameters such as 
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wall thickness can vary and materials contained within the organ (e.g. gases in the 

colon) will have a significant effect on the compound properties of the organ. In this 

section the current literature on the mechanical properties of solid and hollow 

abdominal organs will be reviewed. Viscoelastic behaviour most significantly affects 

materials during load-bearing and two structural effects are emphasised: creep and 

stress relaxation. Creep is the time dependent change of strain following the 

application of a stress. It is a concern for structures that are loaded and that are 

required to maintain their geometry without extensively deforming, for example, a 

suture. A simplistic example of this behaviour can be represented by a vertical bar 

under a constant load. If the force produces an elongation of the bar δ0 over a duration 

of time 𝑡! ; as Figure 2-9(A) shows, the loading before time 𝑡!  the load remains 

constant but the bar may elongate despite this due to the phenomenon of creep. Stress 

relaxation describes the time dependent change in stress following the application of a 

strain and is shown in Figure 2-9(B). 

 

 

Figure 2-9: Illustration of creep (A) and stress relaxation (B) 
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Fung [107] noted that soft tissues exhibit hysteresis between loading and unloading 

and after conditioning the hysteresis loop remains constant. This is described as 

pseudoelasticity. An example of this phenomenon is shown in Figure 2-10. Yoo et al 

[108] studied the nonlinear, history-dependent viscoelastic properties and elastic 

stress-strain relationship of bovine extraocular muscles. Figure 2-10 shows how the 

hysteresis loop of an extra-ocular muscle sample decreases with successive cycles until 

it reaches a steady state, in this case after three to five cycles [108]. 

 

Figure 2-10. Hysteresis loop of bovine extra-ocular muscle sample decreasing 
with successive cycles until it reaches a steady state, reproduced from Yoo et al 

[108] 
 

2.7.1. Tissue Modelling  

Viscoelastic materials are modelled using simple linear springs and viscous dashpots 

in varying configurations. The spring Figure 2-11 provides a model for elastic 
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behaviour and follows Hooke’s Law: deformation is proportional only to force. This 

stores energy and responds instantaneously.  

 

 

Figure 2-11: The Hookean spring: This perfect spring provides a model for 
elastic behaviour. Deformation is proportional only to force [109] 

 

The spring is described by the following equation:  

𝑓 = 𝑘𝛿 Eq. 2-1 

Where 𝑓 represents the spring force, 𝛿 the spring displacement and 𝑘 represents the 

Young’s Modulus 𝐸. 

A “Newtonian dashpot” is used to model viscous behavior, the viscous stress is 

proportional to the rate of strain and this is shown in Figure 2-12. This introduces a 

time dependent component. 

 

Figure 2-12: Newtonian dashpot: A hydraulic piston, or dashpot, containing 
viscous fluid, provides a model for viscous behaviour [109] 
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The following equation describes this: 

σ = η
𝑑𝜀
𝑑𝑡 

Eq. 2-2 

Where η is a viscosity with units of N-s/m2. 

2.7.1.1. The Maxwell Spring-Dashpot Model 

The Maxwell model, a spring in series with a dashpot is shown in Figure 2-13. 

 

Figure 2-13: The Maxwell model; a spring in series with a dashpot 
 

The following equation describes the stress on each element in this model: 

𝜎 = 𝜎! = 𝜎! Eq. 2-3 

This denotes that the stress on each element is the same and equal to the imposed 

stress. σs and  σd represent the spring and dashpot respectively. 

Conversely the strain is the total strain of each element in the series, represented by: 

𝜖 = 𝜖! + 𝜖! Eq. 2-4 

εs and εd again represent the spring and the dashpot. 
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In order to achieve a single equation related to the stress and strain, the strain equation 

is differentiated and the spring and dashpot strain rates are written in terms of the 

stress: 

𝜖 = 𝜖! + 𝜖! =
𝜎
𝑘 +

𝜎
𝜂 Eq. 2-5 

Where 𝑘, again, is the Young’s modulus and η is the viscosity.  

It is appropriate to include the ratio of viscosity to stiffness, and time. This ratio is a 

useful measure of the response time of the material’s viscoelastic response. The 

following equation represents this: 

𝜏 =
𝜂
𝑘 Eq. 2-6 

Where 𝜏 represents time. 

By using the above equation and multiplying by 𝑘,  

 

𝜖 = 𝜖! + 𝜖! =
𝜎
𝑘 +

𝜎
𝜂 Eq. 2-7 

Becomes: 

𝑘𝜖 =  𝜎 +  
1
𝜏  𝜎 Eq. 2-8 
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When loaded, the spring will stretch immediately but the dashpot will take time to 

react.  

2.7.1.2. The Kelvin-Voigt Model 

Another mechanical analogue to represent a viscoelastic material is the Voight model, 

or the Kelvin-Voight model. Where the Maxwell model assumes the uniform 

distribution of stress, the Voigt model assumes uniform distribution of strain. This one-

dimensional model is represented as a linear spring in parallel with a linearly viscous 

dashpot [110]. A schematic diagram of this is shown in Figure 2-14. 

 

Figure 2-14: Schematic diagram of the Kelvin-Voigt model of a spring in parallel 
with a dashpot 

 

The stress in this system can be described as follows: 

𝜎 = 𝜎! + 𝜎! Eq. 2-9 

This, in contrast to the Maxwell model, assumes that the stresses are additive. The 

strains are equal in this, as represented by: 



 

38 

𝜖 = 𝜖! = 𝜖! Eq. 2-10 

When loaded, the spring will be unable to stretch immediately due to the parallel 

position of the dashpot.  It is considered the most general because it contains the load, 

deflection, rate of load and velocity in its constitutive relationship [111]. This model 

responds instantaneously to a suddenly applied stress, but continues to deform if stress 

is maintained until it reaches an equilibrium position. When the stress is relieved, the 

body will return to its original position in finite time [112]. 

 

Two fundamental approaches exist for developing models of soft tissue mechanical 

behaviour; constitutive models and phenomenological models. Constitutive, physical 

law-based models, such as strain energy function models, lead to easier extraction of 

the physical meaning of parameters but may not perfectly fit the acquired data. The 

general steps in any constitutive formulation are; delineate general characteristic 

behaviours, establish an appropriate theoretical framework, identify specific functional 

forms of the requisite relations, calculate values of the material parameters, and 

evaluate the predictive capability of the final relations [113]. Phenomenological 

models are based on curve-fitting experimental data and have little to no physical 

relevance, however they may achieve excellent fits to the acquired data with 

potentially less computationally intensive functions [114]. 

Examples of mechanical models used to analyse soft tissue response are discussed 

within section 2.7.5. The effects of different testing conditions are considered of great 

importance and are discussed in the next immediate section. 
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2.7.2. Testing Conditions 

The mechanical properties of tissue have been tested in various condition including in 

vivo and ex vivo, with tissue examined either fresh or frozen. It has previously been 

hypothesized that perfusion within soft tissue acts to hydraulically stiffen the material, 

changing its viscoelastic properties [115]. The advantages and disadvantages of these 

testing methods as stated by Kerdok et al [116] are summarized in Table 2-6. Carter et 

al [117]reported the first stress-strain measurements carried out on the abdominal 

organs of humans in vivo by studying the human liver. Measurements were carried out 

in an open surgery set-up by developing a low risk indentation method with a hand-

held compliance probe. Brown et al [86] used the Motorized Endoscopic Grasper 

(MEG) to make a comparison between the in vivo and ex corpus (taken around 25 

hours post mortem) liver tissue. The obvious difference between the two was the 

greater variability of results in the in vivo tests as compared to the ex corpus tests (seen 

in  

Figure 2-15). This may have been due to reperfusion of the tissue sample between 

cycles or slight variability between each squeeze at each cycle. 

Table 2-6. Advantages and disadvantages of in vivo and ex vivo testing 
conditions as considered by Kerdok et al [116] 

 In vivo Ex vivo 
Advantages  Tissue at natural temperature 

Normal perfusion conditions 
Repeatable testing conditions 
Less expensive 
Can be used to optimise 
methodology 

Disadvantages Ethical constraints 
Accessibility of tissue testing 
apparatus, e.g repeatable 
alignment  
More expensive 
Patient safety considerations 

Tissue not in its natural state in 
terms of temperature and 
hydration 
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Figure 2-15. Stress-strain curves of in vivo liver in (A) and ex corpus liver in (B) 
showing increased variability between samples in (A). Reproduced from Brown et al 

[86] 

 

Kerdok et al [116] recognized the need for a standard method for testing soft tissues to 

produce repeatable results that can be mathematically modeled to capture the natural 

behavior of the tissue [116] and incorporate the advantages of in vivo and ex vivo 

tissue testing. An ex vivo perfusion system, shown in Figure 2-16, was used to perform 

carefully controlled mechanical measurements on porcine liver in a nearly in vivo state. 

This system attempted to replicate as closely as possible the in vivo state by 

maintaining temperature, surface hydration, and vascular pressure to physiologic levels 

using a physiological perfusion system. The viscoelastic response was tested over four 

conditions; 1. in vivo, 2. ex vivo perfused, 3. ex vivo post perfused and 4. in vitro on a 

sample that had been excised. Results demonstrated similarities in the viscoelastic 

response of the liver in the perfused condition both in vivo and ex vivo. Both un-

perfused conditions were stiffer and more viscous than the in vivo condition [116]. 

These studies have emphasised the variability in testing conditions and need for 

repeatable and reliable experimental methodologies. The effects of blood pressure 

range on for example how tissue properties were affected with hypotension (low blood 

pressure) or hypertension (high blood pressure) were not studied and have not been 

commented on in the wider literature. 
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Figure 2-16. Ex vivo liver perfusion system reproduced from Kerdok et al [116] 
 

 

2.7.3. Comparing Solid and Hollow Organs 

The human gastrointestinal tract is comprised of the oesophagus, stomach, small bowel 

(divided into duodenum, jejunum ileum) and the large bowel, which comprises the 

rectum at its distal end. These organs are layered structures with the mucosa on the 

luminal surface, submucosa, circular and longitudinal muscle layers. Due to this, the 

tissue cannot be assumed to be homogenous throughout its wall. The same is true of 

the anatomical structure of blood vessels, in that contributions of various layers differ 

[118]. Direct or indirect methods can be used to measure layered anatomical structures. 

The direct method tests the properties of one layer after the surrounding layers have 
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been dissected away and therefore separated. The indirect method uses experiments on 

the entire wall and the elastic modulus of the given layer is calculated computationally 

[119]. 

Liao et al [119] used the dissection method to measure the mechanical properties of 

the layers of the oesophagus [119].  The submucosa layer was found to be the stiffest 

layer, which is in accordance with previous experience and the fact that the submucosa 

contains large amounts of collagen [119]. Zhao et al [120] analysed the material 

properties of porcine stomach and concluded that these were dependent on location, 

direction of testing and histological layer. The properties of the mucosa-submucosa 

layer appear to determine the wall stiffness in this study.  

Studying properties of hollow organs is more complex because parameters such as 

wall thickness can vary and materials contained within the organ (e.g. gases in the 

intestines) will have a significant effect on the compound properties of the organ. 

Brown et al [121] found (when comparing in vivo and in situ compressive properties of 

abdominal organs) that hollow organs in particular exhibited some strain history-

dependence, which is most likely due to compression of the gas and solid material 

within the hollow structure [121]. When studying the biomechanical properties in vivo 

and postmortem under compression loads, the same group studied a range of solid and 

hollow organs, including; bladder, gallbladder, liver, spleen, small and large intestine 

and stomach. They found that the hollow organs, particularly small intestine, tended to 

have two distinct parts to their stress-strain curves, separated by an abrupt change in 

stiffness [114]. The first part of the curve was due to the movement of the wall and 

compressions of the contents of the organ, be it a solid, liquid or gas component. The 

second part of the curve represents the two opposing walls coming into contact. This 

part is then thought to be the actual deformation behavior and mimics that of solid 



 

43 

organs. Even within the hollow organs responses differed, for example the response to 

loading was different between the large and small intestine. This was thought to be due 

to the fact that the large intestine has a thicker wall because its contents are much more 

solid as water is reabsorbed. In a real life surgical setting the bowel may been emptied 

using bowel preparation pre-operatively depending on surgeon preference. There is no 

data available to account for differences between solid and liquid stool and how this 

affects the tissue response to loading. The bladder and gallbladder are fluid filled so 

their initial response was due to the walls stretching rather than compressing. The thin 

walls meant that the jaws could oppose easily and a sudden change in stiffness was 

observed [114].  Figure 2-17 depicts these observations. The loading cycle from 

number 1 to 5 is defined in the brackets. 

 

Figure 2-17: Stress-strain curves of abdominal organs in vivo between the first 
and fifth loading cycles. Initials on the diagram represent the following, BL-
bladder, GB-gallbladder, LI-large intestine, LV-liver, SI-small intestine, SP –

spleen and ST-stomach. Reproduced from Rosen et al [114] 
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2.7.4. Mechanical Properties of Healthy and Diseased Tissue 

The most common abdominal organ studied in comparison of tissue properties in 

healthy and diseased tissue is the liver [122-125]. This organ is accessible in the 

abdominal cavity and by many groups it has been assumed to be isotropic, 

homogeneous and nearly incompressible for the purposes of mechanical testing [126], 

making it simpler to model than the hollow organs. In early experiments on human 

liver by Carter et al [117] (as discussed in section 2.7.2) the right lobe of human liver 

had a mean elastic modulus of about 0.27 MPa, compared to a mean modulus of 0.74 

MPa in a single diseased liver [117]. In the 1990s Emelianov et al [122] hypothesized 

that ultrasound elasticity imaging could be used to diagnose haemagioma of the liver. 

A haemangioma is a common benign vascular malformation. Macroscopically these 

are soft and spongy lesions, histologically they are characterized by large, thin walled 

blood vessels which may contain fibrous tissue and thrombi. Over-all the 

haemangioma was visible as a low strain region indicating that it is harder than the 

background tissue but it comprised a softer interior. Since then further studies of the 

elastic properties of liver disease have utilised ultrasound elasticity imaging [123,127]. 

Elasticity images consist of either an image of strain in response to force or an image 

of estimated Young’s modulus. Elastography tracks the movement of tissue in 

compression to estimate strain, sonoelastography uses colour-doppler to generate an 

image of tissue movement in response to external vibrations and tracking of shear 

wave propagation through tissue to obtain the elastic modulus [128]. Yeh et al [123] 

used this technique with the aim of differentiating fibrotic from normal livers by 

accurately estimating the elastic modulus of fresh human liver samples. The 

correlation between the fibrosis score (from zero to five) and the elastic modulus was 

significant in this study and the severity of fibrosis correlated with the stiffness of the 
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liver. There were several points from the methodology that could have been addressed. 

Firstly, the experimental protocol involved the tissue sample being removed and 

conserved in normal saline at 4°C, stored in an icebox during transportation and tested 

within 48 hours. Secondly, the cut surface of liver was difficult to make smooth, 

resulting in an uneven surface and making it difficult to obtain good contact between 

the liver sample and the compressor. Varghese et al [127] used ultrasound 

elastography to identify thermal lesions after radiofrequency ablation (RFA) therapy 

for liver tumours in porcine tissue. This was based on the theory that stiffness of 

thermal necrotic tissue may increase with temperature and heating duration. No 

Young’s modulus measurements are stated in the study and statistical analysis was not 

performed but qualitative changes were depicted by the imaging modality [127].  

Other modalities may be used for elasticity imaging, the most powerful being magnetic 

resonance elastography [128]. Huwart et al [124] used this method to compare the 

severity of liver fibrosis in patients with chronic liver disease, negating the need for an 

invasive liver biopsy. There was a statistically significant difference of elasticity 

between the patients with differing grades of fibrosis. The first study combining 

mechanical characterization with histological evaluation of liver tissue biopsies was 

performed by Mazza et al [125]. This group performed a quantitative analysis of the 

correlation between mechanical response and microscopic architecture of normal and 

diseased liver. In vivo and ex vivo measurements were performed at the same location 

of the liver surface. If the liver contained a tumour the measurements were carried out 

on this and in an adjacent normal location. Standard haematoxylin and eosin staining 

was performed and the presence of normal liver parenchyma, tumor tissue, necrosis, 

fibrosis and steatosis was analysed. Sirius red was specifically used to quantify the 
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proportion of connective tissue in the liver tissue samples and Figure 2-18 shows the 

correlation between stiffness index and connective tissue content [125].  

 

Figure 2-18. Correlation between connective tissue content and tissue stiffness. 
Normal liver tissue is shown as open triangles and carcinoma/fibrosis as filled squares. 

Image reproduced from Mazza et al [125] 

Stiffness index and connective tissue percentage was found to be directly proportional, 

but a small sample size and varied pathology prevented direct conclusions. Further 

work characterizing cancerous tissue was carried out by Phipps et al [103]. Malignant 

tissue is known to feel hard and nodular compared to normal tissues and this group 

wanted to establish whether measurable differences exist between the mechanical 

properties of benign and malignant prostate tissue samples in vitro. The main results of 

this study are shown in Figure 2-19. Correlation of the tissue properties was made with 

the structural morphology of tissue. It was hypothesised that stromal and epithelial 

tissue (ET), which make up the prostate gland, behave mechanically like springs and 

dashpots respectively. When benign prostatic hypertrophy (BPH) samples and prostate 

cancer (PCa) samples were compared, a greater viscous component in the BPH 

samples was found compared to the PCa samples with statistical significance [103]. 

The mechanical results were related to the tissue morphology. It was theorised that the 
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greater viscous component in BPH tissue was due to the larger mean acinar areas 

within the BPH sections (16,000 µm2 compared to 7000µm2 in the PCa tissue 

sections). The acini were larger and fluid filled and so exhibited a viscous, damping 

effect. 

 

Figure 2-19. A shows (comparing BPH in black and prostate cancer in white) the 
proportion of epithelial cells (ET), the proportion of smooth muscle (SM) and the 

proportion of collagen type III. B shows the significantly higher acinar area in 
BPH compared to prostate cancer. Graphs are reproduced from Phipps et al [103]  

 

In summary, the structural architecture of the tissue can be correlated to mechanical 

properties in healthy and diseased tissue. This ties into section 2.7.3, where differences 
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in the structural architecture of the tissue also correspond to different mechanical 

components. 

2.7.5. Mechanical Properties of Small Bowel 

Two studies have examined the mechanical properties of the small bowel in order to 

inform the design of capsule endoscopy pills [102]. Bellini et al [102] described the 

development and numerical validation of a phenomenological constitutive model for 

the three parts of the porcine small bowel. The aim of this study was to analyse how 

the small intestine interacted with a capsule endoscopy pill. This is a medical device 

used to take images of the small intestine while passing through it and the pill will 

come into contact with the inner layers of the small bowel. Modelling this complex 

interaction could optimise the pill design. Considerations from the study design 

perfectly sum up the challenges of assessing mechanical properties of abdominal 

organs; the small bowel anatomy was taken into consideration and not only were loads 

applied in two different directions, but simultaneous loading in two directions was 

performed to analyse how the mechanical response in one direction was affected by 

the behaviour in the other direction. Kim et al [101] used a five element spring-

dashpot model to predict the frictional resistance of a capsule endoscope inside porcine 

small bowel.  

Figure 2-20 shows the stress-relaxation curves for the small bowel measured according 

to elongation length. The values for each element of the five element model are 

detailed in Table 2-7.  This group endeavored to find out how many elements were 

needed to fit well to their results and so performed a comparison with a four element 

model. A coincidence of 99% was found with a five element model and only 96% with 

a four element model. Curve fitting and the models are found in Figure 2-21. 
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Figure 2-20. Stress-relaxation curves for the small bowel measured according to 
elongation length [101] 

 

Figure 2-21. Four element model fit to stress relaxation curve in A and five 
element model and curve fitting in B, reproduced from Kim et al [101] 
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Table 2-7. Elements of the four element spring-dashpot model of Kim et al [101] 

Relaxation model  Value 
𝐸! (kPa) 7.0 
𝐸! (kPa) 6.3 
𝐸! (kPa) 9.2 
𝜂!(kPa s) 125.9 
𝜂! (kPa s) 10.3 

  
 

2.7.6. Mechanical Properties of the Colon and Rectum 

Two recent studies have examined the mechanical characteristics of the colon and 

attempted to correlate the structure of the colon wall with mechanical constants 

[129.130]. Carniel et al [129] aimed to interpret the mechanics of colonic tissue using 

tensile tests, concentrating on first cycle behavior. The mechanical tests accounted for 

different loading conditions along different directions to correspond with the three 

different directions of fibres in the colon wall.  A constitutive hyperelastic formulation 

was used to take into account mechanical contributions from each layer of the colon. 

The mechanical properties of colorectal tissue were analysed by Christensen et al in 

order to improve the function of rectal catheters for faecal incontinence [130]. This 

group measured the mechanical properties of both human and porcine tissue. 

Comparison of mechanical properties according to location of the bowel, orientation 

and species (porcine or human) was made. Uniaxial tensile testing was used to 

generate stress-strain curves and calculate ultimate tensile strength, tan modulus and 

elongation at failure. A representative stress-strain curve is shown in Figure 2-22. The 

key results of this study are shown in Table 2-8. Overall, human colorectal tissue was 

stronger, less compliant and more than twice as stiff as porcine tissue. These 

differences may be accounted for by the anatomical variation in porcine and human 

colon in terms of tissue thickness (including thickness of serosa, muscle and fibrous 
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bands of tenia coli), consistency of bowel content and structure (porcine spiral colon, 

differences in the fibrous bands of tenia coli).   

 

 

Figure 2-22. Representative stress-strain curve from human colorectal tissue 
reproduced from Christensen et al [130] 

 

Table 2-8. Results of comparison of human and porcine tissue properties by 
Christensen et al [130] 

Parameters Porcine tissue Human tissue 
Average elastic modulus 0.16 MPa 1.8 MPa 
Average strain at failure 62.8 ± 0.4%. 113.2 ± 4.0% 
Ultimate strength value 0.58 ± 0.03 MPa 0.87 ± 0.04 MPa 
   

 

This study is a fine example of how measurement of tissue properties can meet an 

important clinical need. The authors compared the elastic moduli found in their study 

to that of the rectal catheters currently in use (1-6 MPa versus 10-12 MPa) and 

concluded that matching the compliance of the rectal catheter to the tissue would 

provide a better seal and reduce the complications associated with rectal catheter leaks 

[130]. 
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2.8. Summary of the Literature Review 

The literature review spans the surgical and engineering disciplines. In summary it has  

shown  the  need  to  improve  patient  safety  and  the  role  that  improved  atraumatic  

laparoscopic instrumentation  can play  in limiting  tissue damage. The literature 

review underpins the methodological and experimental chapters. Specifically, the 

important points in each section are summarised below. 

2.8.1. Summary of Clinical Need for Atraumatic Instrumentation 

In summary the literature review highlights the risks of laparoscopic surgery in terms 

of rates of iatrogenic injury and the contribution they make to post-operative morbidity 

and mortality. The risk of laparoscopy-induced gastrointestinal injury is reported to be 

as low as 0·13% [24] and patients are consented for a one in a thousand risk of bowel 

injury for standard laparoscopic procedures (such as cholecystectomy and 

appendicectomy), but rates up to 17.6% have been found in more complex procedures 

[38]. The mortality rate associated with laparoscopy induced bowel injury is high at 

3.6% [24]. These percentages underline the clinical need for improved surgical safety 

and atraumatic instrumentation has a role to play. 

2.8.2. Summary of Current Laparoscopic Instruments 

In summary there are varied designs of laparoscopic graspers, especially in terms of 

jaw profiles. Laparoscopic grasper jaws typically use a pivoted scissor mechanism and 

so apply pressure unevenly along their length. More pressure is applied closer to the 

joint, where there is a pinch-point that can bruise or even tear tissue.  
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Studies of laparoscopic grasping have highlighted drawbacks in the design of current 

instruments. In one study it was found that only 62% of the grasping movements were 

successful and more junior surgeons made fewer successful movements and used 

longer clamping times [47]. In terms of jaw profiles it has been found that although 

sharp points on the jaws lead to lower slip forces, they reduce the area of contact 

between the jaw and the tissue, resulting in higher pressure on the tissue [48]. 

This section thus highlights the drawbacks of current instrumentation in terms of 

surface profile design, efficiency and closing mechanism.  

2.8.3. Summary of the Instrument-Tissue Interaction 

This section has summarized the studies that have used laparoscopic instrumentation 

[56, 58, 79] to understand the mechanics of laparoscopic grasping, and examined the 

role of force feedback in grasping, concluding that there is no clear consensus on the 

importance of haptic feedback in minimally invasive surgery. Parameters identified 

throughout these studies have shown that: 1. The majority of surgical grasps are short 

but duration of clamping can be up to seven minutes [47], 2. The forces used in 

surgical grasping are not only varied but dependent on which part of the instrument the 

force is measured. Maximum quoted forces were up to almost 70 N [78]. 

2.8.4. Summary of Assessment of Tissue Damage in Surgery 

Studies assessing tissue damage in surgery have been performed in a number of organs 

and tissue types and this has been detailed. Studies have used both bespoke tissue 

testing apparatus and currently used laparoscopic instruments. Methods of tissue 
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damage assessment have involved macroscopic and microscopic assessment but no 

validated, repeatable method of colon damage assessment has been detailed.  

2.8.5. Summary of Mechanical Properties of Abdominal Organs 

Studies examining the mechanical properties of tissue have varied in several factors; 

for example the type of tissue tested (solid versus hollow organs), the testing 

conditions used (with emphasis on whether or not the tissue is perfused), testing 

apparatus used and mechanical parameters used for analysis. The literature review has 

emphasised that uniformity of testing is required to gain an appreciation of material 

properties. Ideally, correlating mechanical components of tissue models with 

morphology and architecture of the tissue will give a greater understanding of exactly 

how tissue responds mechanically. 

2.8.6. Concluding Statement 

Advances in minimally invasive surgery have not included ground-breaking changes in 

the design of laparoscopic instruments or a sophisticated understanding on how 

instruments affect tissue at the basic histological level. Barriers to continuing research 

in this field include the complexity of testing a large number of graspers (as are on the 

market today) ethical constraints of testing human tissue and finding reliable and 

repeatable ways to quantify both laparoscopic grasping and tissue trauma. One way to 

do this may be to find an appropriate polymer to mimic tissue response, however this 

prevents assessment of true architectural tissue trauma and would only measure slip 

and grip. This thesis has combined experience in mechanical engineering and 

abdominal surgery to link the mechanical and histological aspects of the laparoscopic 

instrument-tissue interaction.  
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Chapter 3. Characterisation of the Instrument-Tissue 

Interaction In Vivo 

3.1. Introduction 

It is well understood that laparoscopic surgery involves the manipulation of tissue with 

long instruments inserted through ports, which create a fulcrum effect on the 

abdominal wall. Surgical instruments such as graspers and retractors are used to hold 

back and move adjacent tissues and organs with the purpose to create a clear operative 

view and gain real-time observations of the anatomy of the surgical site. The 

instruments come into contact with the tissue and there is currently a lack of haptic 

feedback because there are no force sensors embedded in the instruments. The 

integrity of the tissue the instruments interact with is difficult to assess in terms of its 

friability, whether it will bleed easily, and whether the target structure is the one the 

surgeon was aiming for. These considerations in open surgery would be second nature, 

since the surgeon’s hands are in contact with the tissue [44]. In contrast in laparoscopic 

surgery the surgeon is largely dependent on visual cues to monitor retracted tissue 

viability which is further complicated by the intraabdominal camera being largely 

focused the surgical site rather than on monitoring these retracted tissues. It is not 

uncommon for the retracted tissue to be held back by these instruments for long 

durations. As a consequence these adjacent tissues are at risk of ischemic damage from 

excessive force being applied resulting in surgical complications such as those 

described in Chapter 1. 

The aim of this study was to use an instrumented laparoscopic grasper to provide real- 

time data about the instrument-tissue interaction in surgical manipulations. The 
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amount of force required to perform basic tissue grasps of various abdominal organs is 

quantified at both the grasper handle and at the tool-tip. This information will 

constitute the first step to gaining a more comprehensive understanding of the 

“normal” forces used in laparoscopic grasping. Knowledge of normal tissue 

manipulations will then feed into two further studies: 

1. Ex vivo characterisation of how colonic tissue responds to a mechanical load 

and which histological layers are affected, as demonstrated in Chapter 4. 

2. Identification of disruption of the tissue’s architecture in vivo as a response to 

mechanical loading, as detailed in Chapter 5. 

3.2.  Methods  

An instrumented grasper was used to measure grasper manipulations (grasping force 

and grasp time) in real-time, with a system in place to allow detailed analysis of the 

manipulations. The modifications made to the grasper were required to not interfere 

with normal grasper function, allowing it to fit in laparoscopic ports and to be 

sterilised between cases.  

 

3.2.1. Instrumented Grasper 

3.2.1.1. Grasper Model  

This study was performed using an instrumented, reusable short fenestrated 

laparoscopic grasper, which is commonly used in laparoscopic surgery and known as a 
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Johan. This equipment was designed by Louise Russell, an engineer working in 

collaboration with this project.  

 

Figure 3-1. A short fenestrated laparoscopic grasper known as a "Johan" Surgical 
Innovations Ltd., Leeds, UK 

 

The dimensions of this instrument were 305 mm in length and 5mm diameter, with a 

horizontal handle (see Figure 3-2) (101-48020 and 101-41000 respectively, Surgical 

Innovations Ltd., Leeds, UK). The interchangeable parts allowed for easy assembly 

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

had full control over the applied force and when it is released. Ratchet handle designs 

allow the manipulation to be held fixed without exerting extra pressure on the handles. 

 

Figure 3-2. Non-ratcheting horizontal grasper handle 
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The Johan comprises of two hinged grasper jaws that approximate to close around and 

therefore grasp tissue. The surface of these jaws contains fenestrations. These are 

present to enhance the grip on the tissue, however, they do reduce the contact area 

between jaws and tissue, leading to higher local pressures [49]. The fenestrations in 

side view are shown in Figure 3-3. Each jaw comprised 26 fenestrations. The 

dimensions of each fenestration are shown in Figure 3-4. The grasper surface area 

measures 3.27E-5m2, including allowance for the fenestrated shape of the grasper 

jaws. The fenestrations on the grasper jaws make calculation of the surface area more 

complicated, and the shape of the fenestrations have the potential to act as a cutting 

surface which could result in localised tissue damage (shown in the red crosses in 

Figure 3-4). Fenestrations often are included in laparoscopic graspers, because they are 

thought to minimize tissue slippage due to the tissue bulging within the fenestration(s) 

[49, 54]. 

 

Figure 3-3. Side view of the grasper jaw showing fenestrations. A single 
fenestration is shown with arrows on the side edge of the fenestration. This area 

has the potential to cause local damage by cutting the tissue  
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Figure 3-4. Single fenestration with the basic dimensions 

 

3.2.1.2. Instrumented Module 

The instrumented ‘module’ consists of force and position sensors. A Computer Aided 

Design (CAD) drawing of the instrumented grasper with the instrumented module 

containing the load cell and potentiometer housed in the module with connectors on 

opposite sides is shown in Figure 3-5. 

 

Figure 3-5. CAD drawing of instrumented grasper with instrumented module 
containing load cell and potentiometer 
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The load-cell was used to measure the force applied across the duration of the tissue 

manipulation. The potentiometer is a simple electro-mechanical transducer used to 

measure the displacement of the inner shaft. Both the load cell and potentiometer were 

validated in-situ and calibrated to allow for accurate measurements [45]. The short, 

fenestrated atraumatic grasper was connected to the grasper handle. The sensors were 

connected to a Data Acquisition (DAQ) Universal Serial Bus (USB) unit.  

3.2.1.3. Calibration of the instrumented grasper 

The instrumented grasper was calibrated by Louise Russell and a detailed description 

is published in her thesis [45].  The load cell and potentiometer were subjected to 

calibration checks. A calibration rig with a force accuracy of 0.05N was used to 

determine the force/voltage relation equation of the load cell. The calibration rig 

contained a pre-calibrated load cell in series with the transducer to be calibrated along 

a threaded bar. As the wheel was rotated clockwise, the threaded bar was placed under 

tension simultaneously increasing the force applied across each load cell. The output 

voltage from the load cell was plotted against the pre-calibrated force reading for three 

sweeps at 10N increments up and down the force range of the instrumented grasper (0 

- 150 N). It was found that the load cell readings had a maximum error of 0.02 N for 

each reading (0.4 % for a force range of 5 - 70 N. The calibration tests of the 

potentiometer showed that the potentiometer readings had a maximum error of 2 % for 

the highest readings [45]. 

3.2.1.4. Data Collection 

Simultaneous force and displacement readings were taken by a personal computer via 

the Data Acquisition (DAQ) Universal Serial Bus (USB) device and displayed on the 
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programs Graphical User Interface (GUI). Measurements were logged (at a sample rate 

of 500 Hz) and were displayed on a monitor as manipulations occurred). This display 

is shown in Figure 3-6. 

 

Figure 3-6. Graphical user interface with the data display unit 

3.2.2. Animal Model 

Testing was performed in an anaesthetised 40 kg large white Yorkshire pig. This was 

chosen on advice from the veterinarian as the intestinal size at this weight is 

comparable to an adult human. Pigs were purchased from University of Leeds 

commercial pig farm and were moved to the unit a week before the intended surgical 

procedure. During this time, pigs were housed on a concrete floor with tick straw 

bedding and were fed Farm Gate Sow and Weaner nuts twice a day while water was 

given ad librium. Food, but not water, was withheld for 12 - 16 hours before the 

surgical procedure. The pig was sedated using an intramuscular injection of Azaperone 

40mg/ml (2.25 mg/kg body weight) and Midazolam 5mg/ml (0.32 mg/kg body weight) 
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and anaesthesia was induced using Propofol 10mg/ml intravenously (4mg/kg body 

weight or to effect). Occasionally, a small exposure to Isoflurane via mask was 

necessary before catheterisation of the ear vein. A size 7 endotracheal tube was 

introduced using a laryngoscope and anaesthesia was maintained by 2-4% Isoflurane 

in oxygen delivered by a ventilator. Non-steroidal anti-inflammatory drug (Carprofen) 

and Buprenorphine was given at this stage and the animal was prepared for aseptic 

surgery. 0.9% saline was infused continuously throughout the surgical procedure. All 

experiments were performed under Home Office license (number PPL 40/3662). At 

the end of the procedure the animal was sacrificed by an overdose of Pentobarbital 

Sodium given intravenously. 

 

3.2.3. Tissue Manipulation Protocol 

Two sets of tissue experiments were performed: 

1. Analysis of a single surgical task. 

 2. Analysis of grasping of individual abdominal organs.  

A specific surgical task was chosen to examine the nature of manipulations performed 

during laparoscopic surgery. This task was “running the small bowel.” This maneuver 

is performed to examine the whole length of the small bowel for pathology during a 

diagnostic laparoscopy. In addition, the small bowel is handled in a number of other 

laparoscopic abdominal procedures and so these data are applicable to a wide variety 

of sub-specialties. There is very little data on the forces required to manipulate 

individual abdominal organs and the differences between these. These organs are of 
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different size and contain fluid and solid material. The single abdominal organs that 

were manipulated were: gallbladder, bladder, rectum, large bowel and small bowel. 

3.2.3.1. Operative Set-up 

12mm Hg pneumoperitoneum was instituted using an open Hassan technique (131) 

and the laparoscope was inserted through a 12mm suprapubic port. Four working ports 

were placed on the left and right lateral positions in line with the umbilicus and in the 

left and right iliac fossa to allow access to all the abdominal organs being manipulated. 

Tasks were performed by a surgical research fellow, Mr Adrian Hood, who had 

completed a UK core surgical training program and was able to perform basic 

laparoscopic procedures, such as appendicectomy and cholecystectomy, under minimal 

supervision.  

3.2.4. Task One: Running the Small Bowel 

The small bowel comprises three parts: duodenum, jejunum and ileum [132]. The 

anatomy of the small bowel is shown in Figure 3-7.   

 

Figure 3-7. Anatomy of the small bowel reproduced from Mahadevan [133], 
“Anatomy of the small intestine”. 
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Running the small bowel involves examining the entire length by alternately 

manipulating the small bowel between the right and left handed grasper from proximal 

to distal portion between two anatomical landmarks: the duodeno-jejunal flexure and 

the ileocaecal valve. The tissue is pulled into the field of view, examined and then the 

next portion of bowel is pulled into the field of view. Ten manipulations were 

performed to achieve this, five of these with a standard grasper in the surgeon’s left 

hand and five with the instrumented grasper in the surgeon’s right hand (see  

Figure 3-8). 

 

Figure 3-8. Position of graspers for running the small bowel, the instrumented 
grasper is shown in the surgeon’s right hand and a standard grasper is in the 

surgeon’s left hand to aid in performing the task 
 

3.2.4.1. Data Analysis 

The force and duration of grasping was measured for each individual grasp 

manipulation with the right handed instrumented grasper. The instrumented grasper 

recorded force and position data for each bowel run task. The task was repeated five 

times, resulting in 25 grasps in total. Data was extracted in the form of a force-time 
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graph. This consisted of time in seconds on the x axis and the force measured in 

Newtons on the y axis. One force-time graph will represent a single bowel running 

task containing the five individual manipulations as shown in Figure 3-9. Each single 

manipulation using the instrumented grasper is numbered one to five.   

 
Figure 3-9. Force-time graph showing five manipulations of the small bowel 

during one small bowel running task 
 

Four parameters were extracted to characterise each discrete grasp and provide 

information about the tool-tissue interaction:  

1. The time taken to grasp the small bowel over one manipulation, T (hold). 

2. Time taken for the grasper jaws to close when grasping the tissue, T (close). 

3. The maximum force reached in the hold time, F (max). 

4. Root mean squared force over the hold time, F (rms).  

All of these parameters are shown diagrammatically in Figure 3-10. 
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Figure 3-10. Force-time graph showing the parameters analysed during a single 
bowel running task; A= T (close), B=T (hold), C= F (max) and D= F (rms) 

 

3.2.5. Task Two: Individual Organ Grasping 

Each organ was grasped with the instrumented short fenestrated grasper for 30 seconds. 

A single grasp was defined by the ability to hold the organ and lift it successfully 

without slip. This was repeated five times for each organ. The time period was chosen 

based on previous studies of grasping times. Heijnsdijk et al [47] analysed colon grasp 

times in videos of ten laparoscopic colectomies; in 28% of cases the grasp was held for 

less than one second and in 89% of grasps the colon was clamped for less than one 

minute. A grasp time in the middle of these two durations was therefore chosen.  
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3.2.6. Calculation of Tool Tip Forces 

A mathematical model was developed to transform the forces measured at the shaft to 

those exerted at the tip of each grasper jaw. This facilitates comparison with other 

research reported in the literature. The model was developed by Louise Russell and 

based on a Free Body Diagram (FBD) of the shaft to the tip [45]. The parameters that 

need to be found to develop a model for determining the relationship between forces 

applied by the grasper handle and how they relate to the force transmitted at the tip of 

the grasper is shown in Figure 3-11 and includes: 1. The relationship between the 

linkage displacement and the jaw angle and, 2. the relationship between input force (by 

handle) and the output force (at jaw tip).  

 

Figure 3-11. Schematic diagram showing the relationship between the input force at 
the handle and the output force at the grasper tips reproduced from the thesis work of 

Louise Russell [45] 
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Assumptions were made about this system in order to simplify the model. It was 

assumed that the system would be static, to allow the model to be derived.  It was also 

assumed that the grasping force is equally distributed because of the symmetrical 

grasper design mechanism (see  

Figure 3-11). 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. The 

forces recorded were all transformed into tool tip forces and are discussed in the results 

section. The FBD was simplified to only include the contributing force components, 

and the terms were simplified to 𝐹! and 𝐹!, which act on linkage A and B through 

angles 𝛼!  and 𝛼! , respectively. Contributing force components are shown in Figure 

3-12. 

 

Figure 3-12: FBD showing contributing force components reproduced from 
Louise Russell [45] 
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The following equation allows the tool-tip force, FT, to be calculated from the input 

force FIN : 

𝐹! =
𝐴
𝑙!
𝐹! =

𝐴
2𝑙!

= 𝑐𝑜𝑠𝛼!𝑐𝑜𝑠𝛼!𝐹!" Eq. 3-1 

The equations for the internal grasper angle were calculated as follows for 𝛼! and 

𝛼!with 𝛼! used as an example [45]: 

𝛼! = 𝛼 + 𝑠𝑖𝑛!!
𝐴𝑠𝑖𝑛𝛼
𝐵 − 90 Eq. 3-2 

3.3. Results 

3.3.1. Manipulation of Small Bowel 

3.3.1.1. Force Characteristics at the Handle 

Table 3-1 shows the mean and standard deviation of the force data for each individual 

bowel running task. Each single task consisted of five measurements as this would 

result in the length of the small bowel being examined.  This is represented graphically 

in Figure 3-13 showing the force ranges for each task. It would be expected that F 

(max) is larger than F (rms) for all repeats, showing that some force relaxation occurs 

during the manipulation. In repeats 4 and 5 the magnitude and variance of the forces 

for both F (max) and F (rms) have reduced compared to 1, 2 and 3 (seen in both Figure 

3-13 and Table 3-1). The reduced forces in repeats 4 and 5 could be explained by the 

surgeon becoming accustomed to the forces required to perform each repeat. This 



 

70 

would indicate that some experience performing laparoscopic tasks reduces the forces 

required to perform them. 

Table 3-1. Data for the force measurements in each bowel running task (1 to 5) 

Bowel running 
task number 

F (max) (N) 
Mean and SD 

F (rms) (N) 
Mean and SD 

1 29.2N (+- 13.1) 18N (+- 4.3) 

2 21.5N (+- 3.1) 12.7N (+- 2.5) 

3 28.3N (+- 6.1) 19.3N (+- 5) 
4 14.3N (+- 4.9) 9.2N  (+-2.5) 
5 16.2N (+- 2.2) 9.4 (+- 2.2) 

 

 

Figure 3-13. Boxplot showing the maximum and root mean squared forces for 
manipulations in each bowel running task 

 

3.3.1.2. Force Characteristics at the Tip 

Tool tip force was also measured as F (max) and F (rms) in each bowel running task. 

The F (max) over all 25 manipulations had a mean of 1.3 N and a SD of 0.5 N. The 

mean of the F (rms) was 0.9 N (S.D 0.3) over all 25 manipulations.  The largest force 

reached over the whole series was 2.4 N. These results are shown in Figure 3-14.  
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Figure 3-14. Forces at the grasper tips for running bowel tasks 

 

3.3.2. Temporal Characteristics 

The mean and standard deviation of the close time and hold time recorded over the 

five bowel running tasks is shown in Table 3-2. This will include 25 individual 

measurements. 

Table 3-2. Time measurements in each bowel running task 

Repeat number T (close) 
(seconds) 
Mean and SD 

T (hold) 
(seconds) 
Mean and SD 

1 2.0 (+- 0.9) 2.9 (+/- 1.0.) 
2 0.4 (+- 0.1) 3.8 (+/- 2.0) 
3 0.5 (+- 0.3) 3.5 (+/- 0.8) 
4 0.5 (+- 0.3) 2.8 (+/- 1.1) 
5 0.4 (+- 0.1) 4.9 (+/- 1.8) 
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The time to close the grasper jaws appears to reduce after the first repeat, after this the 

mean time to close the grasper jaws was 0.5 seconds or less. The longest T (close) 

occurred in the first bowel running repeat at 2 seconds. This would again indicate that 

there is some effect from experience when measuring T (close). Results of T (close) 

are shown in Figure 3-15. In repeats 1, 3 and 4 we there is a single outlier for each set 

of measures. In repeat 1 the second measurement was 2 seconds and this can be seen 

plotted in Figure 3-15. Outliers plotted in repeat 3 and 4 refer to measurement number 

2 (1 second) and 4 (1 second) respectively. These may be accounted for by hesitation 

due to the anatomy of the tissue or difficulty performing the manipulation due to the 

grasping angle or view of the tissue.  

The manipulation time, T (hold) was measured for each bowel running task. Again, 

each one contains five measured manipulations. These results are plotted in Figure 

3-16. The hold time did not appear to show the same learning curve effect. This 

manipulation involved holding and moving the small bowel in order to examine the 

whole length of it. Each manipulation is therefore dynamic and needs to be performed 

with precision. This may explain why the T (hold) has not reduced in later tasks. The 

longest hold times in the series are plotted in Figure 3-16 as the 5th measurement in 

task numbers 2 and 5, these hold times were both above 7 seconds. The lowest hold 

times are measurement 1 of task 2 (2.1 seconds) and measurement 4 of task 4 (1.3 

seconds). 
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Figure 3-15. T (close) plotted for each bowel running task 
 

 

Figure 3-16. T (hold) for manipulation of the small bowel 
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3.3.3. Results Summary of Bowel Running Task 

A summary of results for the bowel running task is shown in Table 3-3. The maximum 

force used to manipulate the small bowel was 35 N, with the mean force across the 

whole manipulation being 13.7 N. The average timescale to grasp small bowel was just 

under 4 seconds. Ft denotes force at the tool-tip and Fh denoted handle force. 

Table 3-3. Summary of key results in the bowel running tasks. This incorporates all 
25 data-sets 

Parameter Mean SD 
T (close) 0.5s +- 4.2s 
T (hold) 3.9s +- 1.5s 
Fh (max) 20.5N +- 10N 
Fh (rms) 13.7N +- 5.4N 
Ft (max) 1.3N +- 0.5N 
Ft (rms) 0.9N +-0.3N 

 

3.3.4. Individual Organ Grasping 

The mean and standard deviation of F (max) and F (rms) for each abdominal organ is 

shown in Table 3-4. The largest mean maximum forces were applied to the colon, 

gallbladder and rectum at 59 N, 51 N and 49 N respectively. When looking at the 

range of forces, up to 75 N were used to grasp the colon and rectum. Lower forces 

were required to grasp the fluid filled and more delicate bladder and small bowel. This 

can also be seen in Figure 3-17. 

Table 3-4. Mean and standard deviation of the F (max) and F (rms) 
measurements for each abdominal organ grasped for 30 seconds 

 Mean and SD 
 F (max) (N) 

Mean and SD 
 F (rms) (N) 

Colon 59 (+- 13.4) 24.6 (+-  4.0) 
Gallbladder 50.7 (+- 9.2) 24.3 (+- 3.8) 
Rectum 49 (+- 15.4) 21.4 (+- 3.5) 
Bladder 28 (+- 7.4) 21.9 (+- 6.5) 
Small bowel 22.4 (+- 4.9) 9.7 (+- 2.4) 
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Figure 3-17. F (max) for each individual organ 

 

Larger forces were required to retract the gallbladder, rectum and colon 

(between 40 N and 60 N). F (rms) stabilized to 20-25 N for the gallbladder, 

bladder, rectum and colon, this is shown in Figure 3-18. When comparing the 

maximum force reached with the root mean squared force we see that the F 

(rms) has more than halved for the colon, gallbladder, rectum and small 

bowel. If we compare the colon, rectum and small bowel we see the 

difference between F (max) and F (rms) in Figure 3-19. The bladder does not 

exhibit such large relaxation. This relaxation could be due to relaxation on the 

grip of the instrument or force relaxation in the tissue, or a combination of 

both.  
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Figure 3-18: F (rms) for each individual organ 

 

 

Figure 3-19. Comparison of F (max) and F (rms) for the colon, rectum and small 
bowel 
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3.3.4.1. Tip Forces 

Tool-tip forces were calculated using the methodology described in section 3.2.6. The 

colon, gallbladder and rectum had an F (max) at 3.6 N, 3.2 N and 3.1 N respectively. 

Lower maximum forces were found in the small bowel and bladder at 1.5 N and 1.6 N. 

All maximum forces in the series were under 5 N, with the largest force being 4.9 N, 

which was applied to the colon (shown graphically in Figure 3-20). The mean F (rms) 

was between 1.2 and 1.6 N for all organs except the small bowel, which had a mean F 

(rms) of 0.6 N. These results are displayed in Figure 3-21. The F (max) compared to 

the F (rms) is shown in Figure 3-22. 

 

Figure 3-20. F (max) at the tool tip for each abdominal organ grasped 
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Figure 3-21. F (rms) at the tool tip for each organ 

 

Figure 3-22. Comparison of F (max) and F (rms) for each abdominal organ 
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3.4. Chapter Conclusions 

The focus of the study in this chapter was to present an instrumented grasper which 

can be used to measure grasp durations and forces applied by surgeons during 

laparoscopic abdominal manipulations. These results demonstrate that an instrument 

and methodology for analyzing forces used by surgeons has been developed, which 

has the potential to be used to identify critical forces that result in tissue damage. 

These results demonstrate the range of forces that are applied to a spectrum of 

abdominal organs.  The thesis discussion will concentrate on these results to those 

found in the literature. 
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Chapter 4. Ex Vivo Tissue Relaxation and Recovery after 

Application of a Mechanical Load  

4.1. Introduction 

The colon is a cylindrical structure, which functions to turn fluid effluent into solid 

faeces by the reabsorption of water. It propels the food along its 1.5 metres length 

using peristaltic waves. The anatomical structure of the human colon is shown in 

Figure 4-1. 

 

Figure 4-1. Anatomical structure of the human colon [134] 
 

As shown in Chapter 3, the colon is grasped during laparoscopic abdominal surgery, 

but there is no current literature to describe exactly how colonic tissue recovers once it 
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has been deformed by mechanical loading. As described previously in the literature 

review, the colon can be modelled using viscoelastic models. Microscopically the 

colon is a layered structure. This is shown in Figure 4-2. The mucosal surface is in 

continuity with the intestinal lumen, or the inside of the bowel, and the muscular layers 

are on the outside. The human intestinal mucosa is composed of a simple layer of 

columnar epithelial cells, supported by the underlying lamina propria and muscularis 

mucosa [135]. The submucosa is a layer of loose connective tissue that sits between 

the epithelial layer and muscular layer. The thickness of the colon depends on age and 

anatomical segment, in young adults (older than 15 years), mean colon wall thickness 

is found to be 0.9 mm ± 0.1 mm [136]. When the tissue is loaded, adjacent layers slide 

reversibly, fibres realign and redistribution of fluid occurs [129]. 

 

Figure 4-2. Schematic diagram of the histological layers of the colon wall, 
reproduced from Lamb et al [137] 

 

The aim of the study in this chapter was to develop and evaluate a methodology to 

analyse the relaxation of colonic tissue after the application of mechanical stresses 

equivalent to those applied in laparoscopic surgery. This is part of a broader aim to 
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quantify how tissue recovers, and ultimately to gauge the extent of irreversible damage 

after the application of a mechanical stress and to correlate this with histological 

measures of tissue damage.   

4.2. Methods 

This section details the development of a novel experimental method to analyse the 

mechanical response of tissue after loading and link it to structural tissue change. 

Significant work was conducted to develop an experimental method before the final 

methodology was selected and is described here in section 4.2.1. The final 

methodology is described in section 4.2.2. 

4.2.1. Focus on Development of Experimental Method 

In order to achieve the study aims there were several methodological considerations: 

applying an accurate, measurable mechanical force to an appropriate medium (tissue or 

another viscoelastic material such as a polymer), and to achieve a robust methodology 

to clarify the extent of damage to the colon.   

4.2.1.1. Samples for Initial Testing 

Materials to be used for initial testing of a mechanical load on a tissue-like surface 

were considered. Blu tac was used for pilot studies because it deforms plastically, 

therefore will not recover over time, allowing for assessment of deformation. Fresh 

porcine tissue for mechanical force testing was also used and was obtained from a 

medical tissue supplier. Animals were bred and sacrificed for educational purposes 

separate from this study. Handling and termination was carried out by a licensed 
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technician in accordance with Home Office regulations (Animals [Scientific 

Procedures] Act 1986). Porcine colon with its attached mesocolon was dissected 

immediately after death to obtain fresh tissue. Tissue was transported to the University 

of Leeds and experiments were carried out within eight hours after death. All tissue 

samples were handled, transported, stored (in 0.9% saline solution at room 

temperature) and discarded in accordance with The University of Leeds tissue 

protocol. No histological assessment was performed on the tissue grasped in the tissue 

testing rig as this rig was used in an attempt to develop a mechanical analysis protocol 

and the rig did not apply an accurate instrument force. 

4.2.1.2. Method of Force Application for Initial Testing 

Initial experiments were performed with a tissue-testing rig previously used to test 

laparoscopic scissors. The tissue-testing rig contained an atraumatic fenestrated 

laparoscopic grasper (the same grasper type as used in Chapter 3), load cell, tissue 

mount containing the tissue sample and data acquisition hardware and software. This 

was used to test tissue and optimize the methodology.  A short fenestrated-

instrumented grasper (Surgical Innovations Ltd.) was used to apply force in this 

miniature rig.  This is the same grasping surface as was used and described in Chapter 

3.  

 

Figure 4-3. Short fenestrated laparoscopic grasper (Surgical Innovations Ltd.) 
[138] used to apply force in the miniature tissue testing rig 
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Tissue was mounted between aluminium brackets as shown in Figure 4-4. The tissue 

sample was placed between the two brackets, with an exposed area to be placed 

between the grasper jaws. Hardware used was NI USB-6009 data acquisition (DAQ) 

device. The software used was LabVIEW. Force measurement was set at a given value 

between 20 N and 100 N prior to grasping. After manually closing the grasper jaws 

and achieving this force, timing commenced. If the applied force dropped below the 

fixed parameter the timer would stop and re-start only after the minimum force was 

being applied. This rudimentary method of grasp control was a disadvantage of the 

system. The tissue mount was not representative of how tissue is held in a real-life 

surgical setting and could cause damage by compressing the tissue. 

 

Figure 4-4. Initial tissue holder design for use in the tissue testing rig for initial 
testing. A- tissue holding method, B- manufactured aluminium tissue brackets, 

C- Brackets containing tissue sample to be grasped. Reproduced from Russell et 
al [45] 
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4.2.1.3. Measurement of Mechanical Change to Samples 

A robust method of measuring deformation of the tissue was required for these 

experiments. Quantifying deformation by measuring a change in the volume of tissue 

after it was mechanically loaded was attempted. A 3D laser scanning system (Next 

Engine Inc, Santa Monica, USA) was initially chosen to scan deformations in samples. 

Tissue had to be prepared with talcum powder due to the reflection of shiny surfaces 

caused by the laser. An example of 3D scanned tissue is shown in Figure 4-5. The 3D 

scanner was calibrated with a reference object of known dimensions (an aluminium 

block with steps of varying size) as shown in Figure 4-6. 

 

Figure 4-5. Scanned image of grasped tissue with visible indentations. Tissue 
was coated with powder in order to be scanned 

 

 

Figure 4-6. CAD drawing of reference object with step dimensions 
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The scanner is pre-calibrated and the output data as a deformed volume was the 

measure that was required. The aim of using this reference object to validate the 3D 

scanner was to identify the associated errors in measurement following scanning and to 

calculate the optimum distance that the reference object should be placed relative to 

the scanner to obtain the most accurate results. Scanned front facing views of the 

reference object were used for the calibrations. A schematic diagram of the 3D 

scanning set-up is shown in Figure 4-7. 

 

Figure 4-7. Schematic diagram showing scanning set-up 
 

Scans were performed with the reference object at a height of 15.2 cm. The reference 

object was scanned at a front view, with the highest step at the bottom, and side view, 

with the highest step to the left of the screen. The reference object was placed in a 

fixed position on the mount each time. Scans were performed between 12.7 cm (5 

inches) and 22.9 cm (9 inches) away from the scanner camera, increasing in 1.3 cm 

(0.5 inch) increments each time. These fitted with the recommended scanning range on 

the macro setting. Examples of front facing scans are shown in Figure 4-8. The aim 
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was to determine the distance from the scanner where the step changes will most 

closely match the step heights of our reference object, namely 0.5 mm, 0.25 mm and 

0.1 mm. A Matlab script was written for the validation measurements. This script 

presented three main results: step changes; step errors; and standard deviations. 

 

Figure 4-8. Front facing scans at 12.7 cm from the camera (A)  
and 22.9 cm from the camera (B) 

 

The scanning distance in which the step errors are uniformly closest to zero would be 

deemed the most accurate. A combined error was formed from all step errors by 

calculating the mean of the step errors (for 0.5 mm, 0.25 mm and 0.1 mm). Eight 

measurements were taken to represent the standard deviations at each distance. 

Standard deviations at each distance were combined by squaring each value to 

calculate a variance and finding the square root of the sum of the variances and values 

closest to zero represented the optimal scanning distance. The mostly frequently found 

optimal scanning distance is 16.5 cm and these results are shown in Table 4-1. 

Assessment of this methodology was carried out by applying single grasps of 25 N, 50 

N, 75 N and 100 N for ten seconds on four individual pieces of Blu Tac. The grasped 

samples were scanned using the calibrated 3D scanning conditions.  Scans were saved 

as ASCII point cloud files for import into software designed for comprehensive 3D 

analysis of surfaces in Talymap Gold (Taylor Hobson, Brazil). This was used to 
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measure the volume of deformation caused by the grasper jaws, as shown in Figure 4-9. 

The point cloud file is a set of coordinates in an X, Y and Z configuration.  

Table 4-1. Summary of calibration results with optimal scanning distance 

Method of measurement Optimum distance (cm) 
0.5mm step change 16.5 
0.25mm step change 16.5 
0.1mm step change 14.0 
0.5mm step error 16.5 
0.25mm step error 16.5 
0.1mm step error 14.0 
Sample error 14-15.2 
Combined standard deviation 15.2 

 

 

 

Figure 4-9. 3D image of grasped blu tac imported into 
Talymap Gold for analysis 

 

The following process was used to prepare the scan for measurement: the zoom 

function displays a colour map corresponding to height; form removal is performed to 

flatten the surface surrounding the grasped segment (which is excluded and stays in its 

original form); and levelling of the surface is performed to remove any slope. 

Polynomial form removal is used to make the surface around the feature a consistent 
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level. The “best-fit” form is calculated automatically as a 3rd degree polynomial. Two 

new profiles or surfaces are generated, one with form only and one with form removed 

for further analysis, the latter profile is shown in Figure 4-10 for each different grasp. 

The area to be measured is manually highlighted using the software and the volume of 

deformation is calculated.  

 

Figure 4-10. 3D views from Talymap Gold of samples grasped 
at 25 N, 50 N, 75 N and 100 N 

 

The area to be measured can either be exactly around the perimeter of the grasp or 

within a pre-defined area. Measuring around the perimeter of the grasped area is 

subjective and problems arise at lower forces, where deformations have not taken 

place and therefore the grasped area cannot be highlighted fully. There are clearly 

marked fenestrations at the grasper jaws but these are not present at the tips and 

therefore there is no reference point around which to measure. It was decided to 

measure the volume of the grasped section by using the first fenestration as a reference 

point and measuring around a defined area linked to this, keeping this as uniform as 

possible. An example of these reference points is shown in Figure 4-11. The volume of 

deformation for each sample was calculated in five independent measures in order to 

assess concordance. These are shown in Table 4-2.  
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Figure 4-11. Reference points for measuring volume in Talymap Gold 
 

Table 4-2. Volume measurements (in mm3) for the four samples, five repeated 
measures were taken for each sample 

Measurement  25 N 50 N 75 N 10 0N 
1 4.4 10.5 10.5 14.7 
2 4.6 10.3 10.5 14.8 
3 4.0 10.4 10.1 14.8 
4 4.2 10.1 10.3 15.2 
5 4.5 10.3 10.6 14.6 
Mean 4.3 10.3 10.4 14.8 
Standard deviation 0.3 0.2 0.2 0.23 

 

The profile extraction function in Talymap Gold was used to measure the area of 

deformation of the first fenestration at each of the different forces after zooming, form 

removal and levelling as shown in Figure 4-12. 

 

Figure 4-12. Example of profile extraction showing 1st fenestration, which can 
be converted to a depth measurement 
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Profile measurements for the first fenestration on the left and right arm of the grasper 

jaws are shown in Table 4-3. 

Table 4-3. Area measurements of the first fenestration profile area 

Applied force Area 1 (left) in mm2 Area 2 (right) in mm2 
25 N 0.6 0.6 
50 N 1.1 1.0 
75 N 1.1 1.1 
100 N 1.3 1.3 
Mean 1.0 1.0 

Standard deviation 0.3 0.3 
 

The measures from this method (using Blu Tac) had to be transferrable for use with 

porcine tissue samples. Complete and accurate scans were not possible with the Next 

Engine 3D scanner due to the shiny nature of the tissue and the more subtle 

fenestration marks embedded in the tissue as compared with the compressions onto 

Blu Tac (as demonstrated previously in Figure 4-5).  

3D scanning is a method of non-contact interferometry, which relies on the export of 

accurate 3D profiles, however, methods of contact interferometry are available to 

measure a surface profile with a stylus. Direct measurement of tissue with a stylus 

would result in tissue trauma from the stylus point and the viscoelastic nature of the 

tissue means that the surface is unsuitable for measurement and so this method was not 

attempted.  The use of tissue moulds to produce a solid impression of the tissue with 

the grasper compression on its surface was therefore investigated. The result of 

compression on tissue is shown in Figure 4-13. This figure shows a photograph of a 

sample of porcine colonic tissue after grasper with the standard laparoscopic grasper in 

the tissue testing rig. The obvious deformations from the grasper fenestrations could be 
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measured if a replica was formed. Non-contact profilometry of the moulds with 3D 

scanning resulted in poor quality images for analysis as shown in Figure 4-14.  

 

Figure 4-13. Impression of grasper fenestrations on tissue following grasping in 
the tissue-testing rig 

 

.  

Figure 4-14. 3D surface profile of tissue stone impression showing undulating 
surface of tissue taken using Talymap Gold 
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The same methodology of grasping in the tissue testing rig was used but the grasped 

tissue was made into a stone mould using two parts silicone to produce a negative 

impression and dental stone to achieve the positive mould, as shown in Figure 4-15.  

Stone moulds could however be directly analysed on the contact profilometer 

(Talysurf, Taylor Hobson) with a resolution of 10 nanometres. The stylus was set to 

include the entire perimeter of grasped segment. 

 

Figure 4-15. Stone impression of grasped tissue in A with the outline of the 
grasped area highlighted in B 

 

Measurements using the contact interferometer were not repeatable due to the 

difficulty in fixing the stylus at the edge of the mould where the grasper jaws were 

placed (see arrows on Figure 4-15), due to the undulating nature of the impression of 

the tissue. The stylus would fall off the edge of the mould in the area of the grasper 

jaws, shown by the arrows on Figure 4-15. The stone impression was also delicate and 

could easily sustain damage from the stylus. The other disadvantage was the 
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interference with histological analysis as each sample had to be used to make a silicon 

negative impression instead of being immediately fixed for histological processing.  

This has meant that there could be damage caused before fixing or contamination from 

the silicone.  

4.2.2. Final Methodology 

The inability to find an accurate, repeatable method of measuring volume deformation 

within the tissue, alongside potential disruption to the histological analysis, prevented 

use of 3D scanning and contact interferometry. Instead, a method of combining 

mechanical analysis of the tissue’s reaction to loading and histological analysis was 

developed using a Modular Universal Surface Tester (MUST) (FalexTM Tribology 

USA). This is an indentation device that applies load to tissue and monitors the 

resultant penetration depth of the indenter. The indenter size could be modified to 

apply varied mechanical stresses and the indenter contact surface could be simplified 

to a planar circle, making it easier to perform histological analysis of the grasped area. 

4.2.2.1. Mechanical analysis by indentation method 

Mechanical stress was applied to the colon by indentation applied using the Modular 

Universal Surface Tester (MUST) (FalexTM Tribology USA). Force measurement was 

achieved by employing a parallel spring set in contact with the indenter. A micro 

mirror is attached to the tip of each spring. As the indenter presses on the material, the 

springs and so the mirrors are deflected. A fibre optic sensor, placed on the cantilever 

unit, detects the motion of the springs by emitting light to the mirrors and capturing the 

reflection. The reflected light is then converted to an electrical signal representing the 

distance between the deflected spring and the optical sensor. The embedded data 
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acquisition and control unit is calibrated to measure the spring displacement and 

translate it into a force measurement. This instrument contains a sliding sample stage 

and a force transducer. The transducer consists of a cantilever with a parallel spring 

arrangement and can detect deflections in the milli-Newton range. The tissue samples 

under investigation were mounted onto the contact side of the cantilever.  On the 

opposite side a micro-mirror reflects light back to the fibre-optic sensor, which 

contains both emitting and reflecting fibre bundles. Deflection of the cantilever 

coupled with the known spring constant is used to calculate the displacement force. 

Calibration of the force transducer occurs by manually positioning the fibre optic 

sensor close to the mirror to set the feedback voltage as close to the set peak as 

possible. The sensor can then be positioned in the centre of this range. For these 

experiments, perpendicular contact between the indenter and colonic tissue was 

required. A tissue mount was therefore designed to hold the colonic tissue in place. 

The MUST tester set-up with the sliding stage unit is shown in Figure 4-16. 

 

Figure 4-16. MUST tester unit containing cantilever unit, the tissue indenter and 
tissue mount on the sliding stage 
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The MUST instrument generated force-displacement data for each indentation cycle. 

For each indentation the MUST tester recorded the applied force and resultant 

displacement at a sample rate of 100 Hz. Force-displacement plots are generated for 

these data as shown in Figure 4-17. Displacement is plotted on the x-axis and 

represents displacement in millimetres from the sliding platform upon which the 

indenter is mounted. The force applied to the cantilever is plotted on the y-axis. The 

force is pre-determined at each cycle, limiting the indentation. The raw data from each 

experiment was extracted as a .txt file for subsequent analysis. A force-time graph was 

then extracted from this.  

 

Figure 4-17. Force displacement curve showing the tissue reaching the pre-
determined loading force and force-relaxation over the indentation time (30 

seconds) 

 

Mechanical stresses were applied to ex vivo porcine colon using the MUST tester. 

Figure 4-18 shows a schematic diagram of the interaction between the MUST indenter 

and the tissue, with the corresponding areas of the force-time curve. How the force-

time curve  corresponds to tissue indentation is illustrated in Figure 4-18. The sliding 

platform moves the indenter towards the tissue mount containing the tissue.  At point  
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1 the indenter makes initial contact with the tissue. At point 2 the predetermined 

maximum displacement is reached and is held for a pre-set time, in this example 30 

seconds. Force relaxation occurs during this period. At point 3 the test finishes and the 

sliding platform reverses back until the indenter and tissue separate  and the platform is 

at its original position. 

 

Figure 4-18. Force-time graph showing relaxation and how this corresponds to 
tissue indentation 

 

4.2.2.2. Tissue Samples 

Porcine colon was used for this study due to the ethical and practical constraints of 

obtaining the required lengths of human colon tissue to carry out repeated experiments. 

Porcine tissue is often used as a substitute for human tissue as they have the same 

histological structure [139]. Fresh porcine tissue was obtained using animals bred 

specifically for educational purposes including for clinical skills laboratories. This 

study is exempt from ethical committee approval. Porcine colon was obtained 

immediately following animal sacrifice and delivered to the laboratory. All tissue 
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samples were handled, transported, stored and discarded in accordance with The 

University of Leeds animal tissue protocol [140]. Tissue was kept moist using sodium 

chloride at room temperature. The approximate timescale between animal sacrifice and 

the start of tissue experiments was between four and six hours. A different colon was 

used for each experimental parameter, therefore nine colons in total.  

The colon was cut along its length and opened to lie flat in a single layer as shown in 

Figure 4-19. This was to simplify the examination of the colon layers from the serosa 

inwards. Damage to each specific layer could not have been investigated with the 

colon in cylindrical form. 

 

Figure 4-19. Pictures and schematic diagram showing dissection of the colon 
from a cylindrical structure to a single layer 

 

An approximately 2 cm x 2 cm section of tissue was mounted on a flat backed tissue 

mount parallel to the tissue indenter with the outer muscular layer facing the indenter 

and the inner mucosal layer in contact with the tissue mount. The indenter was coated 

in Indian ink in order to identify the indented area of the tissue after tissue processing 

for histological analysis. 
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Figure 4-20. Schematic diagram of tissue mount with tissue mounted and in 
contact with the indenter 

 

4.2.3. Experimental Parameters 

4.2.3.1. Mechanical Loading 

Three mechanical stress levels were applied to the tissue: 50 kPa, 160 kPa and 255 

kPa. These are known to span the range applied to tissue in laparoscopic surgery (83). 

All were applied using a cylindrical indenter with a flat circular area in contact with 

the tissue. A cylindrical indenter was used as a fenestrated indenter would have made 

the histological analysis more complicated due to the gap between the narrow 

fenestrations. The aim of this was to analyse loading without using a specific 

laparoscopic instrument. 50 kPa was applied with an indenter of diameter 5 mm with a 

pre-set force application of 1000 mN, 160 kPa and 255 kPa were applied with 2 mm 

diameter indenters with pre-set displacement forces of 500 mN and 800 mN 

respectively. The parameters for each experimental condition are summarised in  

Table 4-4. 
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Table 4-4. Parameters relating to each applied stress including features of each 
indenter and applied force 

Stress Indenter 
diameter 

Indenter 
radius 

Indenter 
circumference 

Indenter 
area 
(mm2) 

Applied 
force 

50 kPa 5 mm 2.5 mm 15.7 mm 19.6 mm2 1000 mN 
160 kPa 2 mm 1 mm 6.3 mm 3.14 mm2 500 mN 
255 kPa 2 mm 1 mm 6.3 mm 3.14 mm2 800 mN 
 

4.2.3.2. Indentation Times 

Indentations were applied to tissue over three timescales: 5, 30 and 60 seconds. The 

pre-set timescales were chosen to reflect grasp times shown in previous studies. Brown 

et al [78] used the Blue Dragon system and found that the average grasp time was 2.29 

s ± 1.65 seconds when performing two basic surgical tasks, running the bowel in two 

directions and passing the stomach behind the oesophagus (stomach wrap). This was 

the basis of the shortest duration of five seconds [78]. They also found that 95% of 

grasps from each subject-task-hand were held for less than (average) 8.86 s ± 7.06 

seconds. The tasks described are basic tasks, however more complex grasping occurs 

in procedures such as colectomies. Heijnsdijk et al [47] analysed colon grasp times in 

videos of ten laparoscopic colectomies. In 89% of grasps the colon was clamped for 

less than one minute. An average of three times per operation, the colon was clamped 

for longer than three minutes, up to a maximum of 420 seconds [47]. The constraints 

of the MUST tester meant that the maximum indentation time was confined to one 

minute. 
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4.2.3.3. Loading Rates 

A loading rate of 0.2 mm/s was applied in these experiments. This loading rate reflects 

both the capability of the MUST instrument and the loading rates for quasi-static tests 

quoted in the literature [141, 142]. Higa et al [141] analysed stress-strain curves of 

goat intestine in in vivo and ex vivo compression tests, with compressive rates of 0.02 

mm/s, 0.5 mm/s, and 5 mm/s [141]. A loading velocity of 50 mm/min was used by 

Egorov and colleagues [142] to measure mechanical properties of the distal third of the 

oesophagus, the middle parts of the stomach, the small intestine, and transverse colon. 

4.2.3.4. Testing Methods  

Approximately twenty indentations in different areas of tissue were performed for each 

experimental condition on a single colon, in order to allow for the length needed to 

obtain the 20 samples. Each experimental variable was performed on a different 

animal, introducing some inter-animal variability. Nine different colons were used for 

each variable as shown in Table 4-5. 

Table 4-5. Experimental testing matrix 

Colon number Mechanical stress (kPa) Indentation duration (seconds) 
1 50 5 
2 50 30 
3 50 60 
4 160 5 
5 160 30 
6 160 60 
7 255 5 
8 255 30 
9 255 60 
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4.2.4. Mechanical Relaxation Analysis 

Force-time curves from each indentation were analysed to inspect and quantify the 

relaxation characteristics of the data. The difference between the highest force and the 

lowest force over the relaxation period (denoted ΔF) is calculated, as shown in Figure 

4-21. This parameter gives a quantitative measure of the stress relaxation of the tissue.  

 

Figure 4-21. Force-time graph showing a diagram of ΔF 
 

4.2.5. Mechanical Modelling 

The data is fitted to a mechanical model in order to extract parameters that can be used 

to represent the tissue response. The simplest model which provided a good fit to the 

response was chosen and this is detailed in 4.2.5.1. 
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4.2.5.1. The Standard Linear Solid Model (SLS model) 

The relaxation portion of the force-time curve, shown in Figure 4-22 was fitted to the 

standard linear solid (SLS) model. The SLS model is a three-parameter model 

represented as a spring in parallel with a Maxwell model (see Figure 4-23) and is 

capable of describing the general features of viscoelastic relaxation [12].  

 

Figure 4-22. Loading, relaxation and unloading portions of the force-time curve 
 

 

Figure 4-23. Standard liner solid (SLS) model comprising a Maxwell model with 
a parallel spring 
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This model may rectify some of the deficiencies in the Kelvin-Voigt (Figure 4-24) and 

Maxwell models (Figure 4-25). The Maxwell model is not appropriate for modelling 

creep, since under constant load the dashpot will allow viscous flow, and the spring 

will be in constant tension. All that will then be observed is the Newtonian nature of 

the fluid in the dashpot. This does not accord with observation of real creep 

experiments, so the Maxwell model is inappropriate for their description. An even 

more serious objection arises against the use of the Voigt model for stress-relaxation 

experiments, since under such conditions the model behaves as an elastic solid [12].  

 

Figure 4-24. Kelvin-Voigt model of a spring in parallel with a dashpot 
 

The elastic elements are denoted by 𝑘, 𝑘1 and 𝑘2 and the viscous elements by 𝜇. The 

SLS is considered the most general because it contains the load, deflection, rate of load 

and velocity in its constitutive relationship [111]. This model responds instantaneously 

to a suddenly applied stress, but continues to deform if stress is maintained until it 

reaches an equilibrium position. When the stress is relieved, the body will return to its 

original position in finite time [112]. 

 

Figure 4-25. Maxell model with a spring and dashpot in series 
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The spring is regarded as the elastic structure in the tissue, which may be represented 

by the circular and longitudinal muscle layers, while a damper represents the fluid 

component of tissue where highly charged molecules called proteoglycans attract 

water and keep tissue hydrated. This is shown schematically in Figure 4-26. 

 

Figure 4-26. SLS model correlating with the histological layers of the colon, 
showing the spring components correlating with the muscle layers and dashpot 

representing the more fluid components 
 

The following equation can be used to represent this model: 

𝐸!"# 𝑡 = 𝑘𝑗
!

!!!

exp 
−𝑡
𝜏𝑗  

Eq. 4-1 
 

Where 𝐸!"# 𝑡  is the relaxation modulus, 𝑘!  is the parallel spring, 𝑡 is time, 𝑘𝑗 the 

spring constant in the Maxwell arm and 𝜏𝑗 the dashpot constant in the Maxwell arm.  

𝑘! provides an “equilibrium” or rubbery stiffness that remains after the stresses in the 

Maxwell arm have relaxed away as the dashpot extends [110].  
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4.2.5.2. Fitting the Mechanical Model 

Having selected a mechanical model a method was developed to fit the measured data 

to this form. This was developed using an automated process in Microsoft Excel to 

search for the best values of 𝑘1, 𝑘2 and 𝜇. The target cell, or objective, is set as the root 

mean squared error. The equal to the minimum function is selected to try to identify 

the minimum value of the root mean squared error, therefore the minimum error 

between the actual stress relaxation curve and the predicted curve. A Generalised 

Reduced Gradient (GRG) non-linear solving method is selected. The GRG method 

stops if the absolute value of the relative change in the objective function is less than 

the value in the convergence box in the solver options dialog for the last 5 iterations. 

The GRG Solving method can find an optimal solution to a well-scaled, non-convex 

model. At times, Solver will stop before finding an optimal solution, when it is making 

very slow progress (the objective function is changing very little from one trial 

solution to another). When the GRG method has found an optimal solution there is no 

other set of values for the decision variables close to the current values that yield a 

better value for the objective function. The inputted equation for the SLS model is as 

follows: 

𝜎!"#$%$&'() 𝑡 = 𝑘! + (𝐴𝑒
!! !!
! )

𝐴  
Eq. 4-2 

When 𝑘! is the spring constant in the Maxwell arm, 𝑘! is the parallel spring, 𝜇 is the 

dashpot constant, 𝐴 is the indenter area and 𝑡 is the relaxation time. 
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The Solver method is then used to find the root mean squared error, 𝐸!"# between the 

predicted stress relaxation (𝜎!) and actual stress relaxation (𝜎!). The stress error 

between each point plotted is found using the following equation: 

𝜎!""#" = 𝜎! − 𝜎! Eq. 4-3 

These results are then used to calculate the RMS error. 

𝐸!"# =  𝑎𝑣𝑔 (𝜎!""#" 
!) Eq. 4-4 

An example of a typical model fit is shown in Figure 4-27 with the corresponding 

constant values of 𝑘!, 𝑘! and 𝜇. 

 

Figure 4-27. Stress relaxation curve showing the actual and predicted stress using 
the standard linear solid model 

 

If the constants in Figure 4-27 are altered the shape of the predicted curve will change 

according to which constant values are changed. For example, the value of 𝑘!, which 

represents the spring constant in the parallel spring in this mechanical model, can be 
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altered to produce a different fit. Reducing the value flattens this curve and increasing 

the value increases the initial gradient, this is shown in Figure 4-28.  

 

Figure 4-28. Example of curves produced when changing the constant values of 
the parallel spring, 𝑘! 

 

If the constant values for the spring in the Maxwell arm, 𝑘! are changed, keeping 𝑘! 

and 𝜇 constant, as in Figure 4-27, the curves shown in Figure 4-29 are found. The 

predicted stress increases with a higher spring constant and in turn reduces when it is 

lower. The dashpot constant, 𝜇, in the Maxwell model, can also be altered, keeping 𝑘! 

and 𝑘! values as they are shown in Figure 4-27. The shape of the curves found when 

increasing and decreasing these values are shown in Figure 4-30. When the constant 

increases the predicted stress curve is higher with a reduced gradient. When lower its 

gradient increases initially. 
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Figure 4-29. Example of curves produced when changing the constant values of 
the spring constant𝑘!, in the Maxwell arm of the SLS model  

 

 

Figure 4-30. Example of curves produced when changing the constant values of 
the dashpot, 𝜇, in the Maxwell arm of the SLS model 
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4.2.1. Histological Analysis  

In surgical grasping, the serosal surface is always the surface that is grasped and so 

interest was primarily in any damage occurring to this surface. The mucosa was not 

analysed as it is an undulating layer with inherent variation in width and there is no 

obvious clinical relevance to small areas of mucosal disruption. Haematoxylin and 

eosin staining was performed to analyse the tissue’s microscopic architecture and show 

a change in the architecture or evidence of physical tissue damage. Tissue was 

mounted in wax to allow cutting of perpendicular sections as shown in Figure 4-31. 

 

Figure 4-31. Schematic diagram of tissue mounting in wax 

 

Haematoxylin and eosin staining was performed following dewaxing and rehydration 

as per protocol (Figure 4-32 and Figure 4-33) and tissue was analysed using a light 

microscope (Nikon E1000, Nikon Inc, USA) with analysis software (NIS Elements 

v2.2). 
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Figure 4-32. Dewax and rehydration protocol 

 

Figure 4-33. Haematoxylin and Eosin protocol for staining 
 

A typical H&E stained slide is shown in Figure 4-34. Each layer is annotated from the 

outer muscle layer to the mucosa layer, which lines the intestinal lumen. Figure 4-35 

shows a representative haematoxylin and eosin stained slide with the indented area 
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(region x) covered in India ink, and a control area (region y), used for comparison, that 

has not been indented and therefore has no ink staining. 

 

Figure 4-34. Haematoxylin and eosin stained slide showing a single, flat layer of 
colon with the histological layers 

 

 

Figure 4-35. Haematoxylin and eosin stained slide showing the indented and 
control regions of the colon following indentation with a cylindrical indenter  
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The thickness of each indented histological layer (identified by India ink staining) was 

compared to an adjacent, internal control region. The internal control refers to the fact 

that the control region was within the same tissue sample, as opposed to a separate 

tissue sample. This allowed a comparable control measurement and minimised the 

natural variability between different tissue samples. Three thickness measurements 

were taken for the following layers: longitudinal muscle, circular muscle, submucosa 

and muscularis mucosa, within a 500 µm length. Within this 500 µm length, 3 

measurements were taken across the longitudinal and circular muscle as shown in 

Figure 4-36. 

 

Figure 4-36. Measurement protocol showing the three measurements of the 
longitudinal muscle and circular muscle within a 500 µm length of ink staining 

(representing the indented region) 
 

Measurements were also taken in the same direction over the submucosa and 

muscularis mucosa as shown in Figure 4-37. This process was repeated over an 

internal control area, an area remote to the indented, inked area to prevent the 

possibility of measuring an indented region. 
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Figure 4-37. Measurements across the different histological layers of the colon 

 

Calculating the mean width of the grasped measure and the mean width of the control 

measure performed a comparison between the measurements of the grasped and 

control section. The reduction in width of the grasped measure was then expressed as a 

percentage reduction of the control measure. 

4.2.1.1. Concordance Measurements 

Inter-observer and intra-observer variability in measurements was assessed. Of the 900 

slides measured, five slides were selected from each colon, resulting in 45 slides, or 

5% of the total number of slides. Two observers (rater 1 and rater 2) blindly measured 

these histology slides. Rater 1 then re-measured the same slides again for comparison. 

Rater 1 therefore took two sets of measures, set 1a and 1b.  The agreement is measured 

using ‘Concordance correlation coefficient’ or CCC (143), which indicates the 

reproducibility of the measurement between two observers. The Cohen’s Kappa is not 

suitable here because the Kappa coefficient is intended for categorical measurement 
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(present or absent etc.). The concordance correlation ranges between -1 to 1. A value 

of 1 corresponds to perfect agreement, a value of -1 corresponds to perfect negative 

agreement, and a value of 0 (zero) corresponds to no agreement. Barnhart et al (144) 

generalised the coefficient to “Overall concordance correlation coefficient” or OCCC 

to measure the agreement of more than two observers. The OCCC still ranges from -1 

to 1 with the same interpretation as CCC. The OCCC can be thought of as ‘pooling’ 

the agreement between observers, with equal weighting. 

4.3. Results 

4.3.1. Analysis of Relaxation Characteristics   

This section describes the mechanical analysis in terms of ΔF for each experimental 

variable (50 kPa, 160 kPa and 255 kPa at 5, 30 and 60 seconds) in section 4.3.1.1. 

Section 0 describes analysis of only the 60 second relaxation curves at 50 kPa, 160 kPa 

and 255 kPa. These curves are broken down into 5, 30 and 60 seconds as described. 

4.3.1.1. Analysis of Separate Variables 

A summary of the mean ΔF values across each variable is shown in shown plotted in 

Figure 4-38. The ΔF value increased with time duration at the 160 kPa and 255 kPa 

stress as would be expected. At 50 kPa the mean ΔF value at 60 seconds was less than 

at the 30 second timescale (mean ΔF 329 mN at 60 seconds versus 391 at 30 seconds). 

This is thought to represent the variation between animals, as a different colon was 

used for each experimental condition, or a plateau effect after 30 seconds, indicating 

that at 30 seconds most of the tissue recovery has occurred. At 160 kPa the incremental 



 

116 

increase in ΔF between 30 seconds and 60 seconds was only 30mN. At 255 kPa this 

difference was 147 mN. 

 

Figure 4-38. ΔF values for 50 kPa, 160 kPa and 255 kPa indentations onto 
muscle (n= 9 colons) 

 

Statistical analysis was performed to compare ΔF values at each timescale within a 

single mechanical stress value using the Kruskal-Wallis test (a nonparametric test that 

compares three or more unmatched groups) as each experiment was performed on a 

different animal. For each of the three groups a p-value of <0.0001 was taken to 

signify that the values were significantly difference, including the difference between 

50k Pa at 30 seconds and 50 kPa at 60 seconds. When analysing these data the ΔF 

values for each mechanical stress have a different starting point, 1000 mN, 500 mN 

and 800 mN for 50 kPa, 160 kPa and 255 kPa respectively. The difference in ΔF 

between 5 and 30 seconds for each variable can be explained by the longer time 
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allowed for stress relaxation to take place.  The variation between animals for each 

experimental condition does make it more difficult to compare ΔFs between 

mechanical stresses and so the change in ΔF within the longest timescale (60 seconds) 

in a single colon may give a more accurate analysis of how relaxation occurs.  

Analysis of 60 Second Curves 

In order to analyse the nature of the force relaxation curves over time, the 60 second 

curves can be broken down to analyse recovery between 0 and 5 seconds, 5 and 30 

seconds and 30 and 60 seconds, as shown in Figure 4-39.  

 

Figure 4-39. Force -time curve broken into 5, 30 and 60 seconds 

 

This has the advantage of eliminating variability between animals and identifying 

where the recovery takes place. Colon numbers 3 (50 kPa 60 seconds), 6 (160 kPa 60 
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seconds) and 9 (255 kPa 60 seconds) have been broken down, allowing comparison of 

0 to 5 seconds, 5 to 30 seconds and 30 to 60 seconds. Figure 4-40 shows how the ΔF 

value changes during these timescales. The relaxation curve takes a sharp descent 

between 0 and 5 seconds, with the slope angle decreasing between 5 and 30 seconds 

and plateauing at 60-60 seconds. The Wilcoxon matched-pairs signed rank test was 

used to compare ΔF values between 0-5 seconds and 5-30 seconds and 5-30 seconds 

and 30-60 seconds.  

 

Figure 4-40. Reduction in delta F shown over 3 different time-scales for colon 3, 
6 and 9 (n= 9 colons) 

 

4.3.2. Mechanical Modelling Results 

This section describes the selection of a data-set to fit to the SLS model and results of 

the model-fit. Constants for the spring and dashpots are described. 
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4.3.2.1. Selecting a Data-Set 

The SLS model was fitted to the relaxation responses at 50 kPa, 160 kPa and 255 kPa 

stresses for the 60 second hold condition (colon numbers three, six and nine). This is 

shown schematically in Figure 4-41. The model is intended to help analyse the 

relaxation response of the tissue. To do so it requires a good fit to the data. The SLS 

model was found to provide a better fit over the 0-5 second range compared to the 30 

and 60 second durations. The mean and standard deviation RMS errors for each 

mechanical stress condition are plotted in Figure 4-42. The difference in RMS error 

between the 60 second and 30 second samples was statistically significant (P=0.0001), 

as was the difference between the 30 second and 5 second samples (P=0.0001) using a 

paired t-test, for all three mechanical stresses.  

 

Figure 4-41. 60 second relaxation curve broken down into 5, 30 and 60 seconds 
for analysis 
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Figure 4-42. RMS errors at 60, 30 and 5 seconds for each mechanical stress 
 

Examples of the differences in the fit of the relaxation curves between 5 and 60 

seconds is shown in Figure 4-43. The average RMS error for all three combined 

mechanical stresses was 171 mN at 5 seconds, compared to 694 mN at 60 seconds. 

RMS error was lower at 5 seconds than at 30 and 60 seconds indicating that this was a 

better fit for the data.  5 second relaxation curves were therefore analysed for each 

mechanical stress. Nine different colons were used to perform these experiments. 

There were three different mechanical stresses and three different timescales. For the 

30 and 60 second timescales the first 5 seconds only were used for data analysis. The 5 

second data therefore did not need to be altered. Values of RMS error, ΔF, 𝑘1, 𝑘2 and 𝜇 

have been plotted for each colon. Each constant value has been analysed separately. 

Differences between indentations in a single colon (intra colon), results between 
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different colons (inter-colon) and varied mechanical stresses (inter pressure) are 

discussed.  

 

 

Figure 4-43. Example of difference in goodness of fit between the 5 second data 
(in A) and 60 second relaxation times (in B) for 50 kPa  
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4.3.2.2. Model Fit Error 

RMS errors for each indentation, in each colon, is plotted in Figure 4-44. Colon 2 

showed the largest intra- colon variability with a standard deviation of 60 N/m2 (this 

was at an indentation stress of 50 kPa with a 5 mm diameter up to 1000 mN). These 

standard deviations are shown in Table 4-6. Between colons at the same mechanical 

stress the 50 kPa stress showed the largest variability (colons 1, 2 and 3).  The highest 

mean RMS error for colon 2 was 304.8 N/m2 with the lowest being colon 1 at 137.4 

N/m2.   

 

Figure 4-44. Fitting error for each colon at 50 kPa, 160 kPa and 255 kPa stress 
(n= 9 colons) 
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Table 4-6. Standard deviations for the RMS error for each colon 

Colon number SD for RMS error (N/m2) 
Colon 1 28 
Colon 2 60 
Colon 3 31 
Colon  4 22 
Colon 5 22 
Colon 6 17 
Colon 7 40 
Colon 8 16 
Colon 9 23 

 

Values in the 160 kPa stress were more consistent with mean values of 173 N/m2, 172 

N/m2 and 188 N/m2 for colon numbers 4, 5 and 6 respectively. The standard deviations 

for these are from 17 N/m2 to 22 N/m2.  In the 255kPa condition RMS errors were 

found to be between 155 N/m2 and 217 N/m2, with less variability than the 50 kPa 

condition.  

4.3.2.3. Values of model parameter 𝑘1 

The constant values for 𝑘1, the parallel spring, have been plotted for each condition in 

Figure 4-45. Within a single colon the highest variability is seen in colon 2. The values 

of 𝑘1 are uniformly lowest in the 160 kPa condition and this also contains the least 

variation at this condition. The highest spring constant values are found in the 255 kPa 

group.  
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Figure 4-45. Values of the spring constant, 𝑘1, for each colon at 50, 160 and 255 
kPa stress (n= 9 colons) 

 

4.3.2.4. Values of model parameter 𝑘2 

The second spring constant, 𝑘2 represents the spring constant in the Maxwell arm of 

this model. The values for 𝑘2 are plotted for each condition in Figure 4-46. The highest 

variation in a single colon was found in colon two. Within a single mechanical stress 

value the most variability is within the 50 kPa group (with mean values from 0.79 to 

0.86). The highest spring constant values in this group are found in the 50 kPa 

condition with the lowest found in the 160 kPa condition. These mirror the forces 

applied with the indenter, where the largest force applied was in the 50 kPa condition 

(1000mN), with 800 mN applied in the 255 kPa condition and 500 mN in the 160 kPa 

condition.  
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Figure 4-46. Spring constant values for 𝑘2 for each colon at 50, 160 and 255 kPa 
stress (n= 9 colons) 

 

4.3.2.5. Values of model parameter µ 

The dashpot constants for each experimental condition are shown in Figure 4-47. The 

variation between these values is not as marked as is seen for the spring constants. 

Colon number two has the highest variability within a single colon, as is consistent 

with all other measured values. The highest variability within a single mechanical 

stress is again within the 50 kPa condition. Comparing different mechanical stresses it 

is seen that again the lowest values are found for the 160 kPa condition, with mean 

values of 0.23, 0.28 and 0.26 for colon’s 4, 5 and 6 respectively.  
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Figure 4-47. Values for the dashpot constant for each colon at 50 kPa, 160 kPa 
and 255 kPa stress (n= 9 colons) 

 

4.3.3. Histological Analysis 

Wide variation was found between the measurements of each histological layer. At 50 

kPa the width of the submucosa was consistently reduced over the 5 second, 30 second 

and 60 second indentations; 15%, 28% and 44% respectively. At 160 kPa, as in the 50 

kPa data, the largest reduction in width was seen in the 60 second indentations in the 

submucosal layer, however, no difference was seen in the indented submucosa 

compared to the control region at 30 seconds. There is less of a width reduction in the 

submucosa in the 255 kPa indentation set, where evidence of muscle disruption was 

found. The percentage reduction in width of the submucosal layer is plotted in Figure 

4-48. There is no difference in submucosal width at the 30 second durations for 160 

kPa and 255 kPa. 
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Figure 4-48. Percentage reduction in width of the submucosa for each time 
duration over increasing mechanical stress 

 

There was wide inter-individual variation between each colon used for each condition. 

Analysing the submucosa, there was no increase in width reduction between the 50 

kPa, 160 kPa and 255 kPa data in the 60-second duration (44%, 45% and 27% 

respectively). Because of this wide variation between colonic samples the mean width 

of the submucosal layer of the control samples is shown in . 

Table 4-7. In the 50 kPa indentation group the longitudinal muscle was consistently 

approximately a third reduced in width after the indentation. The circular muscle and 

muscularis layers showed no pattern in width reduction. In the 160 kPa data set there 

was no change in width between the control samples and indented samples for the 

circular muscle. Only small reductions were found in the longitudinal muscle. At 255 

kPa stress no trend was found with increasing indentation duration. There was less of 
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an effect in the 60 second data sets (6%) as compared to the 5 and 30 second data sets 

(26% and 27%). Percentage reduction in width of the grasped section (as compared to 

the control section) of the longitudinal and circular muscle is plotted in Figure 4-49. 

Table 4-7. Mean width of submucosa of control sections 

Mechanical 
stress 

5 second sample 
Mean width of 

control submucosa 
(µm) 

30 second data 
Mean width of 

control submucosa 
(µm) 

60 second data 
Mean width of 

control submucosa 
(µm) 

50 kPa 527 452 590 
160 kPa 1460 599 1226 
255 kPa 510.1 644 849.8 

 

 

Figure 4-49. Percentage reduction in muscle width at each variable 
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There are two obvious outliers in this data set; 160 kPa 5 seconds and 160 kPa 60 

seconds. Despite the latter being a thicker colon wall there is still a 45% reduction in 

the width of the submucosa in this sample set.  

It would have been expected that the 255 kPa samples would have shown a larger 

reduction in the width of both the submucosal and serosal layers than the 50 kPa and 

160 kPa data, but this was not the case. The 255 kPa 60 second batch of samples did 

not show any disruption to the circular or longitudinal muscle. The reduction in width 

of the tissue layers also remained unremarkable. Given that this was the longest 

timescale and the largest stress, it could be hypothesised that this represents inter-

individual variation since each condition was performed on a different porcine colon. 

There does not appear to be an association between the width of the submucosa and 

lack of disruption to the histological layers, since the mean width of submucosa from 

control sections, at 849.8 µm, was thinner than the 160 kPa at 5 seconds sample (mean 

submucosal width 1460 µm) and the 160 kPa at 60 seconds condition (mean 

submucosal width 1226 µm).   

Histological analysis of the 255 kPa 30 second samples displayed features not present 

in the lower stress samples. For this data set there were 75 slides. 54 of these were 

measurable (72%). 21 slides were unmeasurable as they did not meet the protocol 

criteria (for example they had no visible India ink). 33 out of the 54 (61%) measurable 

slides displayed obliteration or disruption of the circular or longitudinal muscle layers. 

These slides did not display thinning of the submucosal layer as compared to the 

control sample. Overall the submucosal layer did not appear to be affected by 

indentation across both the disrupted and intact muscle. An example of these slides is 
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shown in Figure 4-50. For all of these slides there is an area demarcated by India ink 

and showing muscle disruption. 

 

Figure 4-50.  Disruption of the muscular layer in the 255 kPa 30 second sample 
 

4.3.3.1. Concordance Measurements 

Two raters blindly measured these histology slides. ‘Concordance correlation 

coefficient’ or CCC (143) was used to indicate the reproducibility of the measurement. 

Because of the proportion of slides with obliterated muscle in the 255 kPa 30 second 

condition, these were not included in the concordance measures as the muscle was 

unmeasurable.   

Of the eight different areas the highest levels of agreement were found in the following 

variables: 

1. Grasped longitudinal muscle between rater 1a and rater 2 (CCC=0.96).  

2. Grasped circular muscle between rater 1a and rater 2 (CCC=0.74). 

3. Grasped submucosa between rater 1b and rater 2 (CCC=0.89). 
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There were no negative agreements in any of the comparisons, but no agreement was 

found in the comparison between Rater 1b and Rater 2 in the muscularis mucosa layer 

that had been grasped (CCC=0.0).  A trend of higher CCCs in the grasped sections, as 

compared to the controls, was seen in the longitudinal muscle, circular muscle and 

submucosa.  

4.4. Chapter Conclusions 

A novel method of measuring the mechanical and histological response to colon has 

evolved and been tested in this chapter. The mechanical and histological results have 

emphasised inter- and intra-individual variations in measuring biological tissue. This 

has demonstrated the difficulty in reliably measuring damage to tissue ex vivo. The 

methodology and results of this study, alongside the mechanical measurements taken 

in the in vivo analysis of surgical grasping have informed the final experimental 

chapter of this thesis, where in vivo laparoscopic grasping is analysed both 

mechanically and histologically. 
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Chapter 5. In Vivo Assessment of Tissue Damage 

5.1. Introduction 

Little is known about the exact nature of the tool-tissue interaction in laparoscopic 

surgery and how this contributes to iatrogenic injury, but excessive grasping and 

retraction forces, long duration of grasps and the slip of the tissue in the grasper jaws 

may all play a part. In a systematic review of randomized controlled trials, Sammour et 

al [25] found a higher rate of bowel injury and total intraoperative complications in 

laparoscopic colorectal operations compared to open resections. Reports of iatrogenic 

bowel injury were detailed in section 2.2. The risk of laparoscopy-induced 

gastrointestinal injury is reported to be as low as 0·13% [24] but up to 17.6% in more 

complex procedures [38]. In laparoscopic colorectal cancer operations, iatrogenic 

bowel injury is reported as a complication in 2% of colonic and 1% of rectal resections 

[24].  Although the majority of grasper injuries are probably of minor clinical 

significance the occurrence of a bowel perforation is a disastrous, yet largely 

avoidable, event. The mortality rate associated with laparoscopy induced bowel injury 

is 3.6% [24] and  increases with the complexity of the surgical procedure. Intra-

operative tissue damage may lengthen operative time, result in a conversion to open 

surgery and increase patient morbidity [145]. The relationship between grasping force 

and inflammatory response, development of a paralytic ileus, and adhesion formation 

is not understood.   

The mechanical response of the colon was then compared to histological damage 

measures to define thresholds for atraumatic operation. 
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5.2. Methods 

5.2.1. Animal Experiments and Experimental Protocol 

Two separate sets of in vivo experiments were performed on two separate occasions. 

The first experiment was used to develop and optimise a methodology of tissue 

damage assessment and was therefore a feasibility study. The second set of 

experiments was to use this optimised methodology to assess any change in the 

architecture of the tissue. The Results section refers to this second set of testing (set 2). 

This will be discussed in more detail in 5.2.6. 

Testing was performed in an anaesthetised 40 kg large white Yorkshire pig. This was 

chosen because the intestinal size at this weight is comparable to an adult human. Pigs 

were purchased from University of Leeds commercial pig farm and were moved to the 

animal facility a week before the intended surgical procedure. During this time pigs 

were housed on a concrete floor with tick straw bedding and were fed Farm Gate Sow 

and Weaner nuts twice a day while water was given ad librium. Food, but not water, 

was withheld for 12 - 16 hours before the surgical procedure.  

The pig was sedated using an intramuscular injection of Azaperone 40 mg/ml (2.25 

mg/kg body weight) and Midazolam 5 mg/ml (0.32 mg/kg body weight) and 

anaesthesia was induced using Propofol 10mg/ml intravenously (4 mg/kg body weight 

or to effect). A size 7 endotracheal tube was introduced using a laryngoscope and 

anaesthesia was maintained by 2-4% Isoflurane in oxygen delivered by a ventilator. 

Non-steroidal anti-inflammatory drug (Carprofen) and Buprenorphine were given at 

this stage and the animal was prepared for aseptic surgery. 0.9% saline was infused 

continuously throughout the surgical procedure. 
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All experiments were performed under Home Office license (number PPL 40/3662). A 

midline laparotomy was performed to gain access to the abdomen and all experiments 

were performed with an open abdomen (see Figure 5-1). At the end of the procedure 

the animal was sacrificed by an overdose of Pentobarbital Sodium given intravenously. 

 

Figure 5-1. Instrumented grasper manipulation onto porcine colon in an open 
surgery set-up 

 

5.2.2. Force Application  

5.2.2.1. Instrumented grasper 

The same instrumented grasper was used for all in vivo experiments, which was the 

same instrumented grasper as described in detail in Chapter 3. A short, fenestrated 

atraumatic grasper was connected to the grasper handle (see Figure 5-2).  The sensors 

were connected to a DAQ USB unit, and the data was logged using a LabVIEW 
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program. Applied force was measured at the grasper handle and data was presented in 

the form of a force-time graph.  

 

Figure 5-2. Short fenestrated grasper (Surgical Innovations Ltd. LogicTM 
(2010)) 

 

5.2.2.2. Data Output 

To control the force-time and displacement-time data acquisition of the instrumented 

grasper and to provide the simple user interface, a program was implemented using 

LabVIEW. Simultaneous force and displacement readings were taken via the Data 

Acquisition USB device and displayed on the programs graphical user interface (GUI).  

The data was manipulated as a force-time graph. Figure 5-3 (an example of the data 

output for a handle force of 70 N held for 60 seconds) describes how the data output 

relates to each stage of the tissue manipulation. In step one the force increases rapidly 

as the grasper jaws close and clamp onto the tissue. Step two shows the jaws closed 

and force held as the grasp is being applied for a set time. Step three indicates a rapid 

reduction in force as the grasper jaws open, letting go of the tissue. 
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Figure 5-3. Typical force-time profile of a colonic grasp 
 

5.2.3. Pre-Stipulated Experimental Parameters 

The range of forces applied to the bowel was based on results of in vivo bowel 

grasping experiments detailed in Chapter 3.  In the study performed in Chapter 3, the 

colon was grasped with the instrumented grasper and held without slip for 30 seconds. 

Four of these tasks were performed and the maximum force reached, F (max), and the 

root mean squared force over the hold time, F (rms) were measured. In these data the 

range of F (max) was between 43 N and 76 N.  Mean F (rms) was 25 N. The maximum 

force reached in the hold time, F (max) and the root mean squared force over the hold 

time, F (rms) for all four manipulations are shown in Figure 5-4. The following forces 

were applied using the instrumented grasper; 5 N, 10 N, 20 N, 40 N, 50 N and 70 N in 

experimental set 1 (the feasibility experiments), and 10 N, 20 N, 40 N, 50 N and 70 N 

in set 2.5 N was not performed in experimental set 2 as it was difficult to control the 
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application of this low force. Although the mean F (rms) was 25 N, 10 N was the 

lowest force applied in set 2 experiments as other studies have demonstrated lower 

manipulation forces resulting in tissue damage. For example, a mean perforation force 

of 13.5 N for the large bowel was identified by Heijnsdijk [84] et al in a study 

investigating safety margins for laparoscopic forces. The highest F (max) of 76 N was 

slightly higher than the largest force applied in these experiments of 70 N. Grasps were 

performed for 5 seconds, 30 seconds and 60 seconds, consistent with both in vivo and 

ex vivo tissue experiments performed throughout the study and based on time-scales 

documented in the literature [47]. 

 

Figure 5-4. F (max) and F (rms) measures for grasping and 
holding the colon in four separate tasks 
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5.2.4. Experimental Protocol 

Tasks were performed by Mr Adrian Hood, a surgical research fellow who had 

completed a UK core surgical training programme and was able to perform basic 

laparoscopic procedures, such as appendicectomy and cholecystectomy, under minimal 

supervision. Grasps were performed on the anti-mesenteric border of the colon using 

the entire surface area of the instrumented grasper, as shown in Figure 5-5. The surface 

area of one grasper jaw is 3.27E-5 M2 as described in Chapter 2. The fenestrations 

present on this grasper surface make measurement of the surface area more complex. 

Surgeons often use the grasper tips (Figure 5-5) to manipulate tissue, however, there is 

no method of controlling the exact surface area used to perform each manipulation 

therefore the entire surface area was used for consistency.  

 

Figure 5-5. Manipulation onto the colon using the entire surface 
area of the instrumented grasper 

 

India ink staining was used to identify the grasped area of the tissue. A suture was 

placed between each grasped section in order to identify each area correctly. This is 

shown in Figure 5-6. One single manipulation was performed for each variable (for 
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example 10 N for 5 seconds) giving fifteen manipulations on the colon. The tissue was 

then left for four hours in order to leave time for a response, with the pig under 

anaesthetic and the tissue continuing to be perfused. Other unrelated experiments were 

performed during this time period. The colon was then dissected out and each sample 

containing the different testing conditions was removed separately and stored in formal 

saline as a cylindrical section.  

 

Figure 5-6. Grasped sections of colon with sutures placed between each grasped 
segment to separate the different testing condition 

 

5.2.5. Actual Experimental Parameters 

These results refer to experimental set 2, as set 1 was used only to optimise the 

methodology. The pre-stipulated experimental parameters were five different forces 

(10 N, 20 N, 40 N, 50 N and 70 N) applied for three time durations (5, 30 and 60 

seconds). Using the instrumented grasper differed from the MUST tester in that force 

and time control were pre-stipulated but not pre-set and relied upon the control of the 

surgeon over the instrumented grasper. This meant that less accurate force and time 
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control was applied. It did however allow analysis of force control in a real-life 

surgical scenario.  Timing of the pre-stipulated grasp commenced when the pre-

stipulated force was reached. The accuracy of these parameters was operator 

dependent. For purposes of this results section each parameter will be described as it 

was pre-stipulated but there was variability in this as will be described here.  

5.2.5.1. Measured Force Application 

The maximum force reached across the manipulation, F (max) (shown in Figure 5-7), 

was measured compared to the pre-stipulated force for each parameter. These results 

are shown in Table 5-1. Timing of the grasp would only commence once this force was 

reached therefore all F (max) results are above the pre-stipulated force. The overall 

mean overshoot was 9.2 N (SD 9.8 N).  Mean overshoot was 3.1 N for 60-second 

grasps, 6.7 N for 30-second grasps and 3 N at 5-second grasps. The higher overshoot at 

30 seconds is reflected by the result for the 20 N grasp, the maximum force reached 

when grasping for 60 seconds was 22.1 N and for 5 seconds was 21.4 N but F (max) 

for the 30 second grasp reached more than double the stipulated grasping force at 46.2 

N.  

 

Figure 5-7. F (max) shown as analysed on a F-T curve 
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Table 5-1. F (max) for each grasp compared to the pre-stipulated force for the 
grasp 

Pre-
stipulated 
force (N) 

F (max) 
reached for 60 
second grasp 

(N) 

F (max) 
reached for 30 
second grasp 

(N) 

F (max) 
reached for 5 
second grasp 

(N) 

Maximum 
overshoot (N) 

70 71 72 72 2 
50 52 51 57 7 
40 42 42 43 3 
20 22 46 21 26 
10 18 12 12 8 

 

5.2.5.2. Measured time duration 

Measurements of critical times including time to pre-stipulated force, T (force), and 

total manipulation time, T (hold) (shown in Figure 5-8), were performed.   

 

Figure 5-8. Time parameters analysed from each F-T curve 

 

Timing of the grasp occurred when the pre-set force was reached. The time taken to 

reach this pre-determined force, T (force), was measured for each experimental 

condition.  These are plotted in Figure 5-9. The overall mean time taken to reach the 

pre-determined force was 4.5 seconds (SD 2 seconds). The mean time to reach the pre-

determined force at 5, 30 and 60 seconds for each force is shown in Table 5-2. There is 
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no obvious pattern as to how long it takes to reach a pre-set force. The shortest time 

taken to reach the pre-determined force occurred at the 10 N, 60-second parameter and 

the longest time at 20 N for 5-seconds.  

 

Figure 5-9. Time taken to reach the pre-determined force 
in each experimental condition 

 

Table 5-2. Mean and SD of the time taken to reach each pre-set force  
for 5, 30 and 60 seconds within each force 

Force (N) Mean (seconds) Standard deviation (seconds) 
10 2.5 0.7 
20 7.3 2.4 
40 3.9 1.0 
50 4.5 1.5 
70 4.5 0.9 

 

5.2.6. Development of Tissue Damage Assessment Methodology  

Two methods of tissue damage assessment were considered in order to attempt to 

correlate force application with change to the architecture of the tissue. These methods 

were tested and optimised in the first set of experiments (set 1). One method was 
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ultrasound assessment of the width of the bowel wall and the other was H&E 

histochemisty to assess the architecture of the tissue building on the work presented in 

Chapter 4.  

5.2.6.1. Ultrasound Assessment 

Ultrasound assessment of tissue change was performed using the VisualSonics 

Vevo770 ultrasound system (VisualSonics Inc., Toronto, Canada). After applying 

ultrasound gel (EcoGel 100TM; Eco-Med Pharmaceuticals Inc., Mississauga, Canada) 

to the bowel wall ultrasound scans were performed in B-mode with the transducer 

positioned above the tissue sample in a holder. The colon sample was pinned (remote 

from the grasped section) to a corkboard in order to keep it static in one position, 

improving the accuracy of imaging. The imaging platform and transducer positions 

were manually manipulated to accurately image the colon. A 40 MHz mechanical 

single element transducer (RMV-704; VisualSonics Inc.) with a nominal focus at 6 

mm depth was used. Scan settings to achieve optimal measurement accuracy were 

performed as had been optimised by previous work performed by Abdelrahman et al 

[146] at the University of Leeds (6.0 mm depth, contrast 9 (8) and brightness (0) at 

default settings, time gain compensation at 10 and the field of view set at 10 x 10 mm).  

Ultrasound assessment was used to measure the muscle width of the bowel wall of the 

grasped section of tissue (identified by India ink staining). Each grasped segment had 

been removed as a cylindrical piece with the grasped area identified using India ink. 

Eco gel was placed inside each cylinder in order to keep the tissue in this form and 

prevent the inner mucosal layers from adhering to one another. This is shown in Figure 

5-10. A cylindrical segment of un-grasped bowel was used as an external control. 
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Figure 5-10. Schematic diagram of the configuration of tissue used for ultrasound 
scanning showing a photograph of a grasped section of tissue in A, schematic of 
this section filled with ultrasound gel in B and the placement of the ultrasound 

probe on the tissue in C 
 

Typical scanned images are shown in Figure 5-11A shows a scanned image of the 

colon with the colonic lumen on the inside and colon wall on the outside, this image is 

annotated in 5-11B.  

 

Figure 5-11. Ultrasound images showing a typical scanned colon in A 
and the colon layers annotated in B 
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There were disadvantages to using this measurement system that became obvious early 

on in the experimental process. Although the scale of the ultrasound allowed 

characterisation of the entire bowel wall (with all its histological layers) or the bowel 

lumen, there was not a sharp demarcation between layers as was present on 

histological measurements. This prevented accurate, repeatable measurement of 

different layers, for example the longitudinal or circular muscle, separately. The 

quality of the ultrasound images and identification of the bowel wall complicated the 

measurement process. For example, the clarity of the image prevented uniformity in 

the area of measurement. This can be seen in Figure 5-12. It then had to be considered 

whether to perform perpendicular or straight measurements. Perpendicular 

measurements would better reflect the true result but may not be as repeatable, straight 

measurements would be repeatable but not accurately represent the true thickness of 

the bowel wall. Figure 5-13 shows straight and perpendicular measurements in image 

(A) and (B) respectively. 

 

Figure 5-12. Measurement of the bowel wall using ultrasound 
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Figure 5-13. Measurement of the bowel wall using ultrasound software. Straight 
measurements are shown in (A) and perpendicular measurements in (B) 

 

For initial measurements a straight line between the inner and outer layer of the bowel 

wall was taken manually. Four measures were taken across the bowel wall. Three of 

the cylindrical samples were chosen for testing because the area of Indian ink was very 

clear; 70 N 60 s, 20 N 60 s and 5 N 60 s. These measures were compared to the control 

sample and are shown in Table 5-3. 

Table 5-3. Measurement of the bowel wall (in mm) using the Vevo770 
ultrasound system 

Variable 70 N 60 s 20 N 60 s 5 N 60 s Control 

 0.7 0.9 0.7 0.7 

 0.8 0.8 0.8 0.6 
 0.7 0.7 0.8 0.8 

 0.7 0.6 0.6 0.7 
Mean 0.7 0.8 0.7 0.7 

SD 0.07 0.09 0.09 0.09 

 

This system showed variability in the measurements of the bowel wall. 

Macroscopically the imprint of the grasper could be visualised but measurements did 
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not reflect this. For example, in the grasped section of the 70 N 60 s sample the mean 

width of the bowel wall was 0.72 mm, higher than the control measurement of 0.71 

mm. This may be due to the shape of the grasper, with two jaws that will have resulted 

in two narrow imprints and a normal region in between. This method was unable to 

accurately show areas of tissue change or to identify changes between layers of the 

bowel wall and was not felt to be feasible to use in tissue damage assessment. 

5.2.6.2. Haematoxylin and Eosin Histochemistry of Damage Assessment 

Haematoxylin and eosin staining was performed to analyse the tissue’s microscopic 

architecture and show evidence of physical tissue damage.  Staining was performed 

following tissue blocking in wax, de-waxing and rehydration as per the protocol 

discussed in detail in Chapter 4. Tissue was analysed using a Nikon E1000. The 

measurement software was NIS Elements v2.2.  

The aim of these experiments was to examine the change in architecture of the colon 

as it is grasped in vivo. Histological analysis had to reflect this by blocking and cutting 

the sample in the configuration as they would be in vivo, a cylinder with the India ink 

on the outside representing the grasp. Samples were embedded in wax as a narrow 

cylinder as opposed to a flat single layer of colon as in the ex vivo histological analysis 

described in the experiments in Chapter 3. Figure 5-14 shows photographs and a 

schematic diagram of the configuration of the grasped colon showing a photograph of 

the colon being grasped in A, and the grasped area with India ink staining is shown B. 

A representative view of the grasped colon is shown in C and D, illustrating how the 

sample is rotated for tissue blocking and cutting. 
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Figure 5-14. Tissue blocking of in vivo experiments showing a photograph of the 
colon being grasped in A, in B the Indian ink staining of the grasped area is 

shown. A representative view of the grasped colon is shown in C, and D shows 
how the sample is rotated for tissue blocking and cutting 

 

Once the tissue is rotated in the correct configuration it needs to be blocked in wax for 

haematoxylin and eosin staining. Figure 5-15 shows how the colon is blocked in wax 

and the angle used for cutting and staining sections. The India ink staining in 

experimental set-1 was poor and did not show on the histological slides, preventing 

assessment of the grasped region. The experimental protocol was therefore changed to 

fix the India ink with acetic acid so that it remained in place throughout the tissue 

processing. This method was successful in set 2. An example histology slide after 

processing is shown in Figure 5-16, showing the intestinal lumen in the centre and 

each histological layer going outwards. 
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Figure 5-15. Schematic diagram showing configuration of grasped tissue with a 
side view in A and posterior view in B, showing the outline of the grasper jaws at 

the hinge. C shows the configuration of wax blocking with the D depicting the 
angle that the tissue block is cut to form single tissue slides (dashed lines)  

 

 

Figure 5-16. Example histology slide after H&E processing, LM=Longitudinal 
muscle, CM=circular muscle, SM= submucosa 
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5.2.7. Final Measurement Protocol 

Ten slides were generated for each condition in order to achieve a series of 

measurements. The measurement protocol contained the following conditions: 

measurements were taken over the most prominent area of India ink staining and 

measurements of the area of the longitudinal and circular muscle were taken within a 

500 µm length as shown in Figure 5-17. This method was then replicated in an internal 

control sample, which was an area remote to the grasped area, with no evidence of 

India ink staining.  

Ten measurable slides were produced for each variable, with each experimental 

condition producing ten measures of the circular and longitudinal muscle in the 

grasped and control conditions. 

 

Figure 5-17. Measurement area as performed per protocol 
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All control measurements were then combined as this represented the variability across 

the length of the colon. The average of these measures was used as the final control 

measurement for statistical comparison. The area of the grasped circular and 

longitudinal muscle in each experimental condition was then compared to the control 

measurement using a Student’s paired t-test. 

5.2.7.1. Concordance Measurements 

Inter-rater and intra-rater variability in measurements was assessed. Of the 150 slides 

measured, ten slides were selected from a single variable (70 N 60 s), resulting in 15% 

of the total number of slides. Two raters (rater 1 and rater 2) blindly measured these 

histology slides. Rater 1 then re-measured the same slides again for comparison. Rater 

1 therefore took two sets of measures, set 1a and 1b. Our interest is to measure the 

agreement between different observers: 1a, 1b, and 2, in each category (grasped 

longitudinal muscle, control longitudinal muscle, grasped circular muscle and control 

circular muscle). The agreement is measured using ‘Concordance correlation 

coefficient’ or CCC [143], which indicates the reproducibility of the measurement 

between two observers. The Cohen’s Kappa is not suitable here because the Kappa 

coefficient is intended for categorical measurement (present or absent etc.). The 

concordance correlation ranges between -1 to 1. A value of 1 corresponds to perfect 

agreement, a value of -1 corresponds to perfect negative agreement, and a value of 0 

(zero) corresponds to no agreement. Barnhart et al [144] generalised the coefficient to 

“Overall concordance correlation coefficient” or OCCC to measure the agreement of 

more than two observers. The OCCC still ranges from -1 to 1 with the same 

interpretation as CCC. The OCCC can be thought of as ‘pooling’ the agreement 

between observers, with equal weighting. 
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5.2.8. Mechanical Analysis 

Mechanical analysis was performed by analysing the force-time graph, as shown in 

Figure 5-18. A relaxation profile of the data was calculated by integrating the area 

under the force-time curve using Simpson’s rule. There is currently no quantitative 

measure of tissue damage derived from mechanical data and this is an empirical 

measure of the accumulated force applied to the tissue (measured in N.s). The force 

relaxes and as such the product becomes less as time progresses. It is of interest in this 

thesis to understand how the force-time product (FTP) links to tissue damage.   

The following equation was used: 

𝐹𝑜𝑟𝑐𝑒 − 𝑇𝑖𝑚𝑒 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 (𝐹𝑇𝑃) = 𝑠𝑢𝑚 𝐹 ∗  𝜕𝑇 Eq. 5-1 

Where is 𝜕𝑇 is the time interval between data samples and 𝑠𝑢𝑚 𝐹  the sum of all the 

forces reached over the manipulation time. 

 

Figure 5-18. Schematic diagram showing method of working 
out the area under the curve and therefore the force-time product (FTP) 
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Each graph can then be interpreted to calculate the number of data points at each force 

increment. The data sampling rate was 500 Hz. The data were analysed to produce a 

histogram to find the distribution of the normalised number of data points.  A 

histogram was plotted showing the percentage of data points at each force, therefore 

normalising with respect to duration of grasp. Percentage was chosen as a measure 

rather than frequency as this is independent of duration.  

5.3. Results 

5.3.1. Histological Analysis 

5.3.1.1. Control Sample Results 

For each experimental parameter the ten control sample measurements were combined 

to form a single control measure that could be compared to each set of grasped 

measurements. Microscope measures were taken in micrometres but converted to 

millimetres for reporting to simplify the results. The combined control measure is the 

mean of all control measurements and is plotted as the final bar on the graph, entitled 

“All”. All internal control measures are plotted in Figure 5-19 for the longitudinal 

muscle, with the combined control as the final bar on the graph. The combined control 

measure was 153 mm2 (+-28.7 mm2) for the circular muscle and 121 mm2 (+-57 mm2) 

for the longitudinal muscle. The mean control measure result for the circular muscle in 

each experimental parameter is shown in Figure 5-20.  

 



 

154 

 

Figure 5-19. Mean value of the muscle area of the longitudinal muscle for each 
experimental parameter and all (indicating the combined control measure) 

 

 

Figure 5-20. Mean value of the muscle area of the circular muscle for each 
experimental parameter and all (indicating the combined control measure) 
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5.3.1.2. Comparison of Grasped and Control Region 

The results of the grasped samples for each individual parameter were compared with 

the combined control result. Consistent, significant differences between the muscle 

area of the grasped and control regions in both longitudinal and circular muscle were 

found at 50 N and above for all three grasping times. Significant differences between 

grasped and control longitudinal muscle areas were also found at 20 N 30s (P=0.04), 

20 N 60s (P =0.006) and 40 N 30s (P =0.006). A significant difference was found 

between the grasped and control circular muscle at 10 N 5s (P =0.015). The grasped 

area of longitudinal muscle is compared to the control area of longitudinal muscle in  

Figure 5-21 and the grasped area of circular muscle is compared to the control area of 

circular muscle in Figure 5-22. All three time-scales are plotted with the P values 

obtained annotated on the graphs (* denoting statistical significance). 

 

Figure 5-21. Graph showing grasped versus control measures for the longitudinal 
muscle with P values shown above each parameter 
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Figure 5-22. Graph showing grasped versus control measures for the circular 
muscle with P values shown above each parameter 

 

5.3.1.3. Concordance Measurements 

The concordance correlation ranges between -1 to 1. A value of 1 corresponds to 

perfect agreement, a value of -1 corresponds to perfect negative agreement, and a value 

of 0 (zero) corresponds to no agreement.  The results of agreement between 1a, 1b, and 

2 in each group are presented in Table 5-4. If the confidence interval includes zero, it 

means that the OCCC is not significantly different from zero (no agreement) at the 5% 

significance level. The grasp groups generally had higher OCCC than the control 

groups. All of the OCCC’s were significant (from zero or no agreement), except the 

control circular group. The OCCC above is an overall coefficient within each group 

and does not tell us about the agreement between pairs of observers. The correlation in 

the grasped section is higher than that of the control section for both circular (0.796 

versus 0.287) and longitudinal muscle (0.778 versus 0.487). 
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Table 5-4: Concordance correlation coefficient for the overall concordance 
measurements between observations 1a, 1b and 2 

 Overall CCC (OCCC) 95% Confidence interval 

Grasped longitudinal 
muscle 

0.778 (0.199, 0.908) 

Control longitudinal 
muscle 

0.487 (0.024, 0.757) 

Grasped circular muscle 0.796 (0.377, 0.915) 

Control circular muscle 0.287 (-0.046, 0.556) 
 

To see the agreement between pairs of observers within each group (1a versus 1b, 1a 

versus 2 or 1b versus 2), the CCC was calculated per pair. All of the pairwise 

agreements were significant in the grasped sections. The agreement was generally non-

significant or borderline significant in the control groups. 

5.3.2. Mechanical Analysis 

The Force-Time Product (FTP) and histogram of force distribution throughout the 

grasp were calculated. Results are described for each force and timescale from 70 N to 

10 N. 

5.3.2.1. Force-Time product  

The 70 N force-time curve is shown in Figure 5-23. The FTP at 5 second, 30 second 

and 60 seconds are shown as 483 N.s, 1984 N.s and 3794 N.s respectively. In the 50 N 

grasp the FTP values are found to be 343 N.s, 1345 N.s and 2823 N.s at 5, 30 and 60 

seconds respectively. The F-T curve for each grasp at 20 N is shown in Figure 5-24, 

with an obvious peak force demonstrated in the 30-second time-scale curve (shown in 

red). This reflects the fact that control of the parameters of force and time were user 
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dependent.  FTP values were found to be 272 N.s, 1018 N.s and 2107 N.s at 5, 30 and 

60 seconds respectively.   

 

Figure 5-23. Force-time curve for all data at 60, 30 and 5 seconds. The FTP 
described as area under each curve is shown for each timescale 

 

 

Figure 5-24. Force-time curves for 5, 30 and 60 second grasps at 20N 

 

At 10N FTP values were the lowest in the series, measuring 56 N.s, 221 N.s and 284 

N.s at 5, 30 and 60 seconds respectively.   
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5.3.2.2. Force Distribution Through-out the Grasp 

At 70 N the 60-second grasps showed larger number of data points at the 50-60 N 

force, with a higher percentage of data-points at 60-70 N force at 5 and 30-second 

grasps. This is shown in the histogram in Figure 5-25. 

 

Figure 5-25. Histogram showing percentage of data points for each 10 N 
increment in force for 5, 30 and 60 seconds at 70 N 

 

At 50 N the highest percentage of data-points was found at the 30-40 N increments at 

60 seconds and at 40-50 N increments at 30 and 5 seconds. This follows the same 

pattern as the 70 N data, with a reduction in force at the longest time-scale and a larger 

percentage of time spent at the highest force at 30 and 5 seconds. The histogram of this 

data is shown in Figure 5-26.  
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Figure 5-26. Histogram showing percentage of data points for each 10 N 
increment in force for 5, 30 and 60 seconds at 50 N 

 

At 40N force over of 80% of data-points lay within the 30-35 N increments at the 60 

and 30 second grasps. Almost 50% of the data-points were between 35 N and 40 N at 

the 5-second grasp. This is shown in Figure 5-27.  

Figure 5-28 shows the histogram for the 20 N grasp data. At the 60 second time-scale 

83% of the data-points were between 15 N and 20 N. This increment also had the 

highest percentage of data-points at the 5 second (27.9%) and 30 second (32.9%) 

condition. For the 10 N grasp, at 5 seconds 51% of data-points were between 6 and 8, 

at 30 seconds the highest percentage of data-points were at 8-10 N. At 60 seconds the 

highest percentage of data-points were at 2-4 N. These are shown in Figure 5-29.  
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Figure 5-27. Histogram showing percentage of data points for each 5 N 
increment in force for 5, 30 and 60 seconds at 40 N 

 

 

Figure 5-28. Histogram showing percentage of data points for each 5 N increment in 
force for 5, 30 and 60 seconds at 20 N 
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Figure 5-29. Histogram showing percentage of data-points at each 2 N force 
increment for 10 N grasps at 5, 30 and 60 seconds 

 

5.3.3. Linking Mechanical and Histological Analysis 

Consistent, significant differences between the muscle area of the grasped and control 

regions in both longitudinal and circular muscle were found at 50 N and above for all 

three grasping times. This is shown in Figure 5-30. A dashed line separates region A 

and region B. Region B denotes the parameters where a statistically significant 

difference was found between both the circular and the longitudinal muscle measures 

and their corresponding controls. The largest FTP in region A was 1017 N.s (20 N 30 

seconds). The largest in region B was 343 N.s (50 N 5 seconds). For the longitudinal 

muscle, consistent, significant differences between grasped and control longitudinal 

muscle areas were found above 20 N 30 s. All significant histological results 

corresponded with a FTP value of over 300N.s. The 40 N 5- second result, which was 

non-significant, was 271 N.s in comparison to 50 N 5 seconds, which was 343 N.s. 

This is shown in Figure 5-31. When analysing the circular muscle only, the same 
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pattern is followed as with both, the statistically significant results correspond to 

region B in Figure 5-30. There is one exception to this and that is the result at 10 N 5 s 

(P=0.015) with a FTP of 56 N.s. 

 

Figure 5-30. FTP (area under curve) plotted for all parameters. A dashed line 
separates region A and region B. Region B denotes the parameters where a 

statistically significant difference was found between both the circular and the 
longitudinal muscle measures and their corresponding controls. 

 

 

Figure 5-31. FTP (area under the curve) plotted for each parameter, the values to 
the right of the dashed line denote a significant difference in the area of the 

grasped longitudinal muscle compared to the control 
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5.3.3.1. Sensitivity of Sampling Rate 

The sensitivity of the sampling rate was tested using the data at 70 N and 60 seconds. 

The value of the time step used to generate the FTP value was 500 Hz. Figure 5-32 

shows the sensitivity of the integration technique at different time-steps. The value 

above 100 Hz shows a static result of 3793.4 N.s. The sampling rate for this data was 

500 Hz therefore the measures are stable. 

 

Figure 5-32: Graph showing the sensitivity of the integration technique to time 
step size (sampling rate) at 70 N 60 seconds. Integrating above 100 Hz shows a 

static output value. 
 

5.4. Summary of Results and Conclusions 

5.4.1. Summary of Results 

The FTP ranged from 55.7 N.s at 10 N 5 s to 3793 N.s at 70 N 60 s. Consistent, 

significant differences between the muscle area of the grasped and control regions in 

both longitudinal and circular muscle were found at 50 N and above for all three 

grasping times. Significant differences between grasped and control longitudinal 

muscle areas were found at 20 N 30 s (P=0.04), 20 N 60 s (P=0.006) and 40 N 30 s 
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(P=0.006). For the longitudinal muscle, all significant histological results 

corresponded with a FTP of over 300 N.s. A significant difference was found between 

the grasped and control circular muscle at 10 N 5 s. 

5.5. Conclusions 

This study characterizes the grasping forces that results in histological change to the 

architecture of the tissue and, for the first time, correlates this with a mechanical 

measurement. The methodology presented here and these data will contribute to the 

development of smart laparoscopic graspers with active constraints to prevent 

excessive grasping and tissue injury. 
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Chapter 6. Discussion  

Iatrogenic bowel injury from the use of laparoscopic instruments can result in 

devastating effects on patient outcomes both during and after surgery. The aims of this 

work were to investigate exactly how colonic tissue behaves both mechanically and 

structurally when it is subjected to a mechanical load. The main contributions of this 

thesis can be summarised as follows: 

1. The forces used to grasp tissue during laparoscopic surgery have been 

elucidated using an instrumented laparoscopic grasper. 

2. An analysis of tissue trauma mechanics has been made using an indentation 

method; compressive loading has been measured and analysed. 

3. The histological architecture of the tissue after mechanical loading has been 

linked to the characteristics of tissue loading. 

In this discussion these contributions will be discussed in detail with particular 

attention paid to linking the findings in this thesis with the literature and linking the 

results from the in vivo and ex vivo testing to conditions expected in laparoscopic 

surgery, with relevance to the action of surgical grasping. 

6.1. Characterising the Instrument-Tissue Interaction 

The focus of this work was to present an instrumented grasper which can be used to 

measure grasp durations and forces applied by surgeons during laparoscopic 

abdominal manipulations. The results presented demonstrate an instrument and 

methodology for analyzing forces used by surgeons, with the potential for further 

studies identifying critical forces that result in tissue damage. The results demonstrate 
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the range of forces that are applied to a spectrum of abdominal organs, each with 

varied mechanical properties. Each force-time output profile in our series indicated an 

initial maximum force that was applied to lift the organ, followed by a period of force 

relaxation that is a combination of tissue response and the pressure applied to the 

grasper handle.  

The work presented has commenced the important process of quantifying tool-tissue 

interaction in MIS, and in particular providing an experimental methodology for these 

investigations. The limitations of this preliminary study are the use of a single porcine 

model and constraining experimental variables to a single laparoscopic grasper type 

operated by a single surgeon. The single porcine model reflects the scope of this 

preliminary work in which our emphasis is to demonstrate a methodology of assessing 

the tool-tissue interaction. Additionally, ethical considerations negate a human model 

prior to this animal model. Time constraints in conducting these in vivo experiments 

limited sample size in the selected grasping procedures. In vivo testing was performed 

in an anaesthetised 40 kg large white Yorkshire pig because the intestinal size at this 

weight resembles the adult human. The Johan grasper was selected because it is 

commonly used in a wide variety of laparoscopic procedures; however, the eventual 

aim of this research is to broaden the scope of testing to include other instruments. 

Two studies [56, 78] use a similar methodology to characterise laparoscopic grasping 

and can be compared with the published research in this thesis [147]. These studies are 

summarised in Table 6-1 and will be discussed in this section, but it must be noted that 

it is difficult to make comparisons between the results in terms of forces used to 

manipulate tissue due to a number of variables, but specifically the non-standardised 

techniques used including grasper type (with differing surface areas), method of force 

measurement and mechanical linkage between the grasper handle and jaw. 
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Table 6-1: Summary of the key studies using instrumented laparoscopic graspers to 
measure the instrument-tissue interaction 

Authors Instrument 
type 

Force 
measurement 
region 

Surgeon(s) 
involved 

Tissue tested Task 
measured 

Brown et 
al [78] 

Blue Dragon 
System 
comprising: 
Actuated 
babcock 
grasper 
Bowel clamp 
Atraumatic 
grasper 

Grasper 
handle 

31 surgeons 
of varying 
expertise 

In vivo 
porcine small 
bowel and 
stomach 

Running 
small 
bowel and 
stomach 
wrap 

Susmitha 
et al [56] 

Double and 
single jaw 
action 
atraumatic 
straight 
graspers 

Handle and 
tool tip 

12 surgeons 
categorized 
into years of 
experience 

Ex vivo 
porcine 
stomach, 
gallbladder, 
liver, small 
intestine, 
spleen and 
large intestine 

Standard 
grasp for 
>15s  

Barrie et 
al [147] 

Standard 
short 
fenestrated 
atraumatic 
grasper 
(Johan) 

Grasper 
handle 

1 surgeon 
who had 
completed 
basic 
training 

In vivo 
porcine 
bladder, 
gallbladder, 
small bowel, 
colon and 
rectum  

Standard 
grasp for 
30s 

 

This study used one surgeon who had completed core surgical training and was able to 

perform procedures such as appendicectomy and cholecystectomy under minimal 

supervision. It would have been advantageous to gain data from a number of surgeons 

of varying experience. This study was constrained by time, logistics and availability of 

the surgeon. More experienced surgeons may not necessarily handle tissue differently 

and may apply more force due to confidence from experience. It can also be said that 

surgeons have varying degrees of aptitude that do not necessarily correlate with year of 

training.  
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Brown et al [78] used a system known as the Blue Dragon, which consisted of three 

different actuated instruments measuring the force at the grasper handle: a Babcock 

grasper; a bowel clamp; and an atraumatic grasper. This group measured the force 

required to run the bowel and to pass the stomach behind the oesophagus (stomach 

wrap). Published data combined this tasks, therefore comparisons cannot be made 

between the forces applied to the small bowel in the current experiments and those 

from the Brown et al experiments, as significantly greater forces were applied to the 

stomach wrap task compared to the bowel running task [78]. Their results showed that 

the mean force applied to the tool handles during these tissue grasps was 8.52N +- 2.77 

N and the maximum force was 68.2 N [78]. In our data-set the force application to the 

small bowel tended to be larger than 10 N, except in the final two out of the five tasks. 

These lower forces later on in the task may be indicative of an experience effect. It is 

noteworthy that the grasper jaws were of different dimension and design in the two 

studies, preventing an exact comparison. A Johan grasper contains surface 

fenestrations and a Babcock grasper has a smooth, complete grasping surface. The two 

are shown in Figure 6-1. The exact dimensions of each of the graspers used in the Blue 

Dragon system have not been specifically stated and the presence of surface 

fenestrations is not documented or represented clearly by images or diagrams in the 

text. The Motorised endoscopic grasper (MEG) used by De et al [83] also used a 

Babcock grasper. Force sensors were mounted into the partial pulley to measure the 

applied force at the grasper’s push/pull rod. The maximum force that could be applied 

by the MEG was 24.5N, although this is much lower than the maximum forces applied 

in our study. Two decades ago the clamping of small bowel in open surgery was 

analysed by Frank et al [148] and a bowel clamping force of 7 N was found to prevent 

seepage of bowel content. This is a lower force than the laparoscopic forces described 

and was one of the first studies to analyse forces on small bowel [148]. 
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Figure 6-1: Standard grasper tips of a Johan grasper and a Babcock grasper. 
Reproduced from Russell et al [45] 

 

Analysis of force applied to the small bowel is of increasing clinical relevance as the 

laparoscopic approach in treating acute adhesive small bowel obstruction becomes 

more popular, with evidence of low postoperative complication rate, a quicker 

recovery of bowel function and a shorter hospital stay [149]. One concern in this 

approach is in the handling of the bowel, which is often thin walled and dilated or 

friable and inflamed.  When comparing laparoscopic versus open surgery for 

mechanical small bowel obstruction, Wullstein [149] reported a 26.9% rate of intra-

operative bowel perforation in laparoscopic procedures compared to 13.5% in a series 

of laparotomies (open operations). Data on safe thresholds for small bowel 

manipulation, with particular emphasis on diseased tissue, would result in the 

application of active constraints on laparoscopic instruments to limit force application.  

The forces applied to the colon were the largest in this series, reaching up to 75N 

maximum force. There is concern when grasping the colon that excessive force may 

result in a serosal tear or perforation. A mean perforation force of 13.5N for the large 
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bowel was identified by Heijnsdijk et al in a study investigating safety margins for 

laparoscopic forces [84]. The forces in the Heijnsdijk et al study do not correspond 

with those used in our study for safe grasping, however, there is wide variation in the 

methodology used to measure force between the two studies. Heijnsdijk et al pinched 

bowel tissue between hemispheres at the end of a lever and a perforation was identified 

when the electrical resistance decreased to zero [84]. Their results on small bowel also 

showed a low mean perforation force of 11.0 ± 2.5 N, which differs from both our 

study results and that of Brown et al [84]. Analysis of tool-tip force may be a 

beneficial method of truly understanding the force applied at the instrument-tissue 

interface. This can be calculated by converting handle forces using a mathematical 

model and initial measures have been carried out in work performed by our study 

group [45]. The area of interest to surgeons will be that they are able to perform a 

successful grasp, without slip, avoiding excessive and unnecessary force application 

for the manipulation being performed. Handle force analysis, rather than tool tip 

analysis, may be more intuitive for this aim. Analysis of tool-tip force may be useful in 

correlating force application with evidence of microscopic or macroscopic tissue 

trauma in further experiments. 

Handle force and tool-tip force were measured and compared in a study by Susmitha et 

al [56] using an ex vivo laparoscopic set-up as shown in Figure 6-2. Strain gauges were 

used at the handle to calculate handle force and tip force was measured using a 

bespoke force-sensitive resistor. The aim of the study was to determine factors that 

influenced applied force, with and without visual feedback. Twelve surgeons were 

placed into four groups based on operative experience. Surgeons were instructed to 

grasp six different abdominal organs for 15 seconds: the stomach, gallbladder, liver, 

small intestine, spleen and large intestine. The force at the grasper handle and tip 
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respectively for each organ is shown in Table 6-2 and compared with the results in the 

in vivo experiments in Chapter 3.  Susmitha et al [56] did not account for the 

phenomenon of force relaxation. The data in this thesis included the maximum force 

that could be reached as well as the F (rms) as a reflection of average force across the 

grasp. In order to measure applied force the mechanical response of tissue should be 

taken into consideration. The F (rms) at the handle is larger than that in the study by 

Susmitha et al [56]. This indicates the variability in methodology in terms of using 

different equipment for handle and tool tip measurements and comparisons. 

 

 

Figure 6-2: Ex vivo laparoscopic set-up used by Susmitha et al [56] 
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Table 6-2: Grasping force at the handle and tip for six abdominal organs in 
experiments by Susmitha et al [56] compared with the F (rms) in our results 

 
Grasped organ Handle Force (N) Tool-tip force (N) 

 Susmitha  

experiments 

Barrie  

Experiments 
F (rms) 

Susmitha 

experiments 

Barrie 

 Experiments 
F (rms) 

Gallbladder 2.3 24.3 0.3 1.5 

Small intestine 2.3 9.7 0.3 0.6 

Large intestine 2.6 24.6 0.3 1.6 

 

Increased morbidity due to intra-operative gallbladder perforation in laparoscopic 

cholecystectomy has been reported [150]. In the case of a perforation, spilled 

gallstones should be collected to prevent further complications [151]. Although intra-

operative gallbladder perforations are largely caused by dissection of the gallbladder 

off the gallbladder fossa, grasper related perforation could occur. Marucci et al [65] 

studied the area of the gallbladder that had been grasped by laparoscopic forceps 

compared to an untouched excised area (control sample). They devised a grading 

system of histological change to represent mild, moderate and severe damage. The 

histological features measured included focal thinning of the gallbladder wall, 

epithelial loss, interstitial blood loss and serosal change. The presence of these changes 

versus the control samples was statistically significant [65]. The mean F (max) for 

gallbladder grasping in our study was 51N (+- 8N) with an F (rms) of 24N (+-3.8) and 

this did not result in macroscopic evidence of gallbladder perforation in the in vivo 

porcine experiment. The best way to make a comparison of the in vivo work described 

in Chapter 5 with that of De [83] and Heijnsdijk [84] is to quantify the applied stress to 

the tissue as this takes into account the surface area of the grasper. The grasper used in 



 

174 

this thesis has a surface area measuring 3.27 x 10-5 m2, including allowance for the 

fenestrated shape of the grasper jaws. Surgeons often use the tip of the grasper jaws to 

manipulate tissue. In Chapter 5, the entire surface area was used in order to achieve 

uniform measurements as there was no way to ensure that the final third of the grasper 

jaws could be used consistently for each grasp. 

To compare data and compile a database of the forces that result in tissue damage, 

confounding variables should be minimised so that force measurements are taken 

uniformly, either at the grasper jaws or grasper handle. Variation in tissue properties 

due to age, disease or bowel contents are difficult to account for, emphasising the need 

to identify a range of forces and large safety margins.  The static measurements 

discussed here should evolve to include dynamic measurements such as shear, torque 

and retraction forces and be correlated with evidence of histological damage to tissue. 

Furthermore, it is critical that these methods, results and understanding are translated 

to consider human tissue. Using an instrumented laparoscopic grasper to quantify 

instrument-tissue interactions during surgery in humans has the potential to bring 

improvements to laparoscopic instrumentation design and ultimately deliver a new 

generation of ‘smart’, truly atraumatic laparoscopic graspers, which reduce 

complications in laparoscopic abdominal surgery. 

 

6.2. Mechanical Analysis 

6.2.1. Effect of Tissue Type and Testing Conditions 

Testing was performed in an anaesthetised 40 kg large white Yorkshire pig. This was 

chosen on advice from the veterinarian, as the intestinal size at this weight is 
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comparable to an adult human. In uniaxial tensile testing, Christensen et al [130] found 

that human colorectal tissue was stronger, less compliant and more than twice as stiff 

as porcine tissue. Porcine tissue was used in the leading studies considered this 

discussion; in the work of Susmitha [56], De [152] and Heijnsdijk [84] and  in the 

experiments of Vonck [87] which involve tissue damage assessment discussed in 

section 6.3. Christensen et al [130] also found that there were statistically significant 

differences in tissue properties depending on the location and orientation of the  

harvest site in porcine tissue but human tissue did not display these differences. This 

has implications for the types of tissue used in the testing of laparoscopic graspers.  

While porcine colorectal tissue statistical analysis revealed multiple differences in 

tensile mechanical properties based on harvest site location and orientation, the testing 

of human tissue samples did not reveal similar differences. The porcine data-set also 

showed double the variability in results as compared to the human tissue samples 

[130]. These results are tabulated in Chapter 2 in Table 2-8. There are two 

disadvantages to these experiments. Firstly, abdominal organs are not preconditioned 

before surgery, the first-cycle behavior in mechanical testing is the most important. In 

the indentation experiments using the MUST tester, each individual indentation was 

performed on a different region on the colon, so no areas were repeatedly indented. 

The experiments of Christensen et al [130], looking at mechanical properties to inform 

the design of rectal catheters, pre-conditioned the tissues using ten cycles of 20% strain 

to get a uniform loading history. Carniel et al [129] did not precondition, justifying this 

as their aim being to characterize colonic tissue mechanics during endoscopy or 

surgery, making it relevant to the clinical need. A better understanding of repeated 

grasping in the most common laparoscopic procedures would better inform researcher 

of the need to precondition tissues. In surgery the same area of tissue may be 

continually grasped, for example in retracting the colon whilst mobilising it in a 
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laparoscopic colectomy. Therefore there may be a preconditioning effect on some 

areas of tissue. Secondly, the tissues in the Christensen study [130] were fresh-frozen 

to -20°C for storage. In the ex vivo indentation experiments, porcine colon was 

obtained immediately following animal sacrifice and delivered to the laboratory. 

Tissue was kept moist using warm sodium chloride. The approximate timescale 

between animal sacrifice and the start of tissue experiments was between four and six 

hours. Venkatasubramanian et al [153] found that freezing affected the mechanical 

properties of frozen porcine femoral arteries. These changes were attributed to 

redistribution of water with the formation and thawing of ice crystals (which also 

changed the alignment of collagen fibres) and loss of smooth muscle cell viability 

[153]. Pilot experiments performed early on in this thesis work, using the bespoke 

miniature rig with an in-built laparoscopic grasper (as discussed in section 4.2.1.2) 

used fresh frozen porcine tissue. The histological analysis showed a change in the 

tissue architecture due to the denaturing of proteins and lysis of red blood cells. 

Following this frozen tissue was no longer used. All mechanical analysis was 

performed on ex vivo tissue, however the effects of perfusion on tissue properties has 

been demonstrated and there are advantages and pitfalls to both [116]. In vivo testing 

maintains the natural state of the tissue with a regulated temperature and intact blood 

supply. There are issues with accessibility of in vivo tissue, it would have been difficult 

logistically to do the indentation experiments with the MUST tester in the in vivo 

porcine model. Kerdok et al [116] comprehensively analysed the effects of different 

testing conditions on porcine liver finding that un-perfused conditions were stiffer and 

more viscous than the in vivo state, resulting in permanent strain deformation with 

repeated indentations. Conversely, the responses from the ex vivo perfusion condition 

closely approximated the in vivo response [116]. This work emphasizes the need for 
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controlled in vivo experimental conditions that provide accurate and repeatable results 

and this should be pursued in any future work.  

The constraints of the MUST tester meant that the maximum indentation time was 

confined to one minute.  Although short average grasp times were found by Brown et 

al [78] (2.29 s ± 1.65 seconds) in the surgical tasks performed with the Blue Dragon 

system, these do not correspond with grasping times in colectomies. Heijnsdijk et al 

[47] quoted longer colon grasping times of longer than three minutes (up to a 

maximum of 420 seconds) on average of three times per operation. Longer indentation 

times may therefore be required to better characterise tissue recovery.  

6.2.2. Mechanical Analysis 

Attempts to correlate the morphology of tissue with its viscoelastic components has 

been made in prostate [103], small bowel [101] and colon [129]. Correlation of the 

tissue properties was made with the structural morphology of tissue in the prostate 

gland by Phipps et al [103] but only a single measure of the tissue viscous and elastic 

components was analysed.  Kim et al [101] used a five element spring-dashpot model 

to predict the frictional resistance of a capsule endoscope inside porcine small bowel. 

They endeavored to find out how many elements were needed to fit well to their 

results and so performed a comparison with a four-element model. A coincidence of 

99% was found with a five-element model and only 96% with a four-element model. 

Comparison of the methodology with the indentation experiments of Chapter 4 is 

shown in Table 6-3. 
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Table 6-3. Comparison of the methodology used by Kim et al [101] with Chapter 
4 indentation experiments 

Parameter Kim et al [101] Barrie et al 

Tissue tested Ex vivo porcine small bowel 
(single colon) 

Ex vivo porcine colon (9 
different colons) 

Study aim Predict the frictional resistance of 
a capsule endoscope 

Quantify response to 
mechanical loading 

Testing apparatus Bespoke biotribo-tester MUST tester 

Loading speed 0.2 mm/s 0.2mm/s 

Contact surface 10mm diameter 1mm and 5mm diameters 

Mechanical models 
tested 

4 and 5 element model 3 element model 

Relaxation time 60 seconds 5 seconds 

 

Only a single colon was used in the Kim et al [101] study compared to the nine colons 

used in Chapter 4. As is seen throughout the literature there is marked variability both 

spatially between the same animal tested but also between different animals. It is 

difficult to compare the values of the spring and dashpot constants as there are 

morphological differences between the small and large intestine. Loading rates were 

similar and the loading rate of 0.2mm/s applied in Chapter 4 reflects both the 

capability of the MUST instrument and the loading rates for quasi-static tests quoted in 

the literature [141, 142]. In comparison to the in vivo testing it is seen that the jaw 

close time in the bowel running test ranges from 0.4 seconds to 2 seconds (reported in 

Table 3-2) and although the distance is not measured this is likely to be faster that the 

loading rates quoted here.  The constant values were absolutely dissimilar from the 

Kim et al [101] study to the Chapter 4 experiments, however there were marked 
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differences between the studies as discussed.  Spring and dashpot constants between 

the Chapter 4 mechanical constant results and Kim et al [101] are shown in Table 6-4. 

 

Table 6-4. Values of spring and dashpot constant for Kim et al [101] and the 
Chapter 4 indentation tests 

Constant Mean value Kim 
et al (101) 

Mean value 
at 50 kPa 

Mean 
value at 
160 kPa 

Mean value 
at 255kPa 

𝐸! (kPa) 7.0 0.34 0.3 0.4 

𝐸! (kPa) 6.3 0.8 0.3 0.6 

𝐸! (kPa) 9.2    

𝜂!(kPa s) 125.9 0.4 0.3 0.4 

𝜂! (kPa s) 10.3    

 

The constants derived from the mechanical analysis in Chapter 4, although not easily 

comparable to the literature, could be used in future work to compare mechanical 

properties of healthy and diseased bowel. This will be discussed in section 7.2.3. 

In other published studies the mechanical tests on colon have taken into account 

different loading conditions along different directions [129]. Carniel et al [129] used a 

constitutive hyperelastic formulation to take into account mechanical contributions 

from each layer of the colon. The indentation tests in Chapter 4 were performed in a 

single direction and mechanical analysis took into account the colon wall in its 

entirety, without measuring each layer. Studies analysing hollow organ properties have 

been described in section 2.7.3. In this thesis the histological analysis was complex and 

involved a stringent tissue blocking methodology. As previously describe, direct or 

indirect methods can be used to measure layered anatomical structures. The direct 
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method tests the properties of one layer after the surrounding layers have been 

dissected away and therefore separated. The indirect method uses experiments on the 

entire wall and the elastic modulus of the given layer is calculated computationally 

[119]. Tissue damage was assessed in Chapter 4 both quantitatively, by measuring the 

width of the layer compared to a control region and qualitatively by identifying 

disruption in the separate layers. The direct method would have therefore have 

disrupted the architecture of each layer as they were separated and it would have been 

impossible to identify tissue damage that had resulted from the indentation or from the 

tissue dissection.  

 

 

6.3. Tissue Damage Assessment 

The assessment of tissue damage was performed using measurements of the bowel 

wall layers. A wide variation was found for measurements within a single histological 

slide but this was especially marked in the ex vivo study of tissue relaxation and 

recovery, where very little concordance was seen in both inter and intra observer 

measurements. In this thesis specimen dimensions were not measured prior to any 

histological analysis in either in the ex vivo experiments carried out in Chapter 4 or the 

in vivo analysis performed in Chapter 5.  In the work of Bellini et al [102] ex vivo 

porcine small bowel is measured in three directions: length in the longitudinal 

direction; length in the circumferential direction; and specimen thickness. In studies of 

duodenal dimensions using in vivo ultrasound methods the wall thickness was non-

homogeneously distributed along the duodenal circumference, being thickest where the 

circumference bends [154].  A study by Gao et al [155] analysed the morphological 

features of the rat intestine in terms of the weight, length of intestine, and the length of 



 

181 

the proximal, transverse and distal portions of colon as well as the length of the 

rectum, prior to studying mechanical data. They found significant differences in the 

morphometry, residual strains and stress-strain properties along the colon. Gao et el 

commented on the paucity of morphological data in the literature [155]. These results 

are not comparable to porcine colon as the mean weight of the rats was 266 grams 

compared to the 40kg pig and the anatomical differences, for example in identifying 

the transverse colon in the pig due to the spiral configuration of the intestine.  

An alternative method of determining damage may have been to devise a tissue 

damage grading system, akin to that devised by Marucci et al [65] (and discussed in 

section 6.1) for the gallbladder wall, by Li et al [90] in porcine liver or Miyasaka et al 

[88] in porcine small bowel. The initial methodology for experiments using the MUST 

tester was to indent the outer serosal layer in one set of experiments, then reverse the 

configuration of the tissue to indent the mucosal layer first. There is no real clinical 

relevance to performing loading experiments on the mucosa to assess its reaction to a 

mechanical load with regard to laparoscopic grasping, although this has clinical 

relevance in capsule endoscopy of the small bowel [101, 102] as the pill makes contact 

with the muscosa. Laparoscopic grasping is performed on the seromuscular layer on 

the outside of the bowel and it is unlikely that equivalent forces would act intra-

luminally.  In the in vivo experiments the same measurement method was used with 

area measurements as opposed to width measurements in order to remove the effect of 

the variation within each tissue sample. Macroscopic analysis of tissue damage was 

not carried out, however serosal tears or perforations of the bowel were not noted in 

any of the in vivo tissue experiments. A method of grading macroscopic tissue damage 

was devised by Vonck et al [87] in their experimental study of a novel vacuum 

grasping method. The levels of tissue damage employed by this group are shown in 
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Table 6-5, with examples of macroscopic tissue change characterized by ecchymoses 

or bruising in Figure 6-3. Miyasaka et al  [88] also devised a tissue damage grading system to 

be used after histological processing on the small bowel and this is outlined in Table 2-4 in 

Chapter 2. 

Table 6-5: Grading of macroscopic bowel injury as devised by Vonck et al [87] 

Damage level Description 

1 No damage at all 

2 Bruise or ecchymoses 
(tissue layers intact) 

3 Serosa damage 
4 Seromuscular damage 
5 Perforation of the bowel 

 

 

Figure 6-3: Example of damage grading by Vonck et al [87] showing eccymoses, 
or bruising of the serosa in the circled areas in (a) and (b) 

 

The Vonck method of grading macroscopic tissue injury is a novel one and specific for 

that particular grasper due to the configuration of the grasper mechanism. As stated, no 

macroscopic tissue damage was observed in the in vivo damage assessment 

experiments in Chapter 3. This may be due to the fact that the bowel was left in vivo 
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for four hours and therefore any indentation left on the serosa of the bowel recovered 

during that time. Intuitively, there will be grasping conditions that do result in tears of 

the serosa or perforation of the bowel. Although these conditions have not been 

demonstrated in this study, such grading system could be modified in future work to 

analyse macroscopic damage.  

The most comprehensive study to date analyzing the effects of mechanical stress on 

tissue was in the thesis work of De [83], which provides a novel approach to damage 

assessment and was the first time that quantitative damage assessment and measures 

other than purely qualitative structural analysis were performed to signify tissue 

damage. This group used a motorized endoscopic grasper fitted with an atraumatic 

Babcock grasper to apply compression stresses to the small bowel, ureter and liver. 

This study is the most methodologically similar to the in vivo experiments described in 

Chapter 5. The methodology of De et al [83] is compared to the Chapter 5 in vivo 

experiments in Table 6-6. 

Table 6-6: Comparison of methodology for De et al [83] and chapter 5 in vivo 
experiments 

Parameters De et al [83] Barrie et al 
Grasper tip Atraumatic babcock Short fenestrated Johan 
Applied load 0, 60, 120, 180 and 

240kPa 
10N, 20N, 40N, 50N and 
70N 

Time load applied 10 and 30 seconds 5, 30 and 60 seconds 
Organ (s) tested Small bowel, liver, 

ureter 
Colon 

Number of repeats for each 
parameter 

3 1 

Tissue response time 3 hours 4 hours 

 

De [83] qualitatively assessed the morphology and architecture (as demonstrated in 

Figure 6-4) of the tissue and alternative methods of quantifying tissue damage were 

used. Neutrophil infiltration was used as a marker of inflammation using 
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immunohistochemistry (IHC) analysis and IHC was also used to quantify apoptotic 

cell death.  IHC stains for inflammatory markers and inflammatory cells take time to 

develop post-injury. The first inflammatory cells seen in an injury/wound are the 

macrophages after a few hours, followed by neutrophils at between four and six hours. 

It can take perhaps up to 24 hours for appreciable cellular accumulation, therefore 

trying to do IHC for inflammatory cells and apoptosis given the short time-frame in the 

Chapter 5 in vivo study may not have been informative. The technique is also very 

subjective and similar inflammatory fluxes will occur as a result of de-vascularisation 

to remove the bowel for analysis. The H&E method resulted in measurable histological 

change and was felt to be the best method of analysis because of the ability to gain a 

measurable change in muscle area. 

 

Figure 6-4: Haematoxylin and eosin stain of the small bowel showing a 220kPa 
10 second grasp. * indicates disruption of the villi and the break in the black line 

denotes disruption of the endothelial barrier. Reproduced from De et al [83] 

 

Comparison of the significant histological results for De et al [83] and in this thesis are 

found in Table 6-7. 
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Table 6-7: Significant results in the in vivo experiments in the thesis work of De 
and in this thesis 

Research group Significant results 
De et al [83] (Small 
bowel) 

1.Increased apoptosis at 240kPa at 10 seconds 
2. Increased neutrophil infiltration at 180kPa at 30 seconds 

Barrie et al (Colon) Decreased muscle area at 50N 5 seconds and above for both 
circular and longitudinal muscle  

 

De et al [83] analysed multiple organs and their other results included increased 

apoptosis in the liver with 180kPa and 240kPa loads at 30-seconds compared to the 

control and non-significant apoptotic changes in the ureter. This thesis has 

concentrated on mechanical loads applied to the colon, whereas De et al [83] 

concentrated their efforts on three organs. Damage to the colon results in significant 

morbidity (including re-operation and stoma formation) and mortality [24], 

emphasizing the clinical relevance of examining the colon. Iatrogenic ureteric injury is 

has an incidence of between 0.1% and 5% in laparoscopic procedures [156] but 

recognized mechanism of injury include ligation (by suture or ligasure), transection 

(by scissors or sharp dissection) and crush injury (normally inappropriate application 

of clamps in an attempt to stop intra-operative bleeding [157]. There is little data on 

how atraumatic graspers affect the ureter and it is unlikely that they make a significant 

contribution to ureteric injury. The clinical relevance of liver grasping is also not 

quantified in the literature. 

 

The fact that the colon is a layered structure complicates damage assessment, as each 

layer should be analysed. This was performed in the ex vivo work in Chapter 4 for all 

colon layers and for the muscle layers only in Chapter 5 due to the inherent variability 

in the submucosa. William Stuart Halsted, an American surgeon, was the first to try 

and study the mechanical properties of the submucosa in dogs and showed its 
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importance for anastomotic reliability. His work (Halsted, 1887) was published more 

than 100 years ago and can be considered as one of the first studies on the 

biomechanics of intestinal junctions [142]. Studies of the bowel wall continued and in 

1963 and 1964 Raikevitch and Kirpatovsky [142] reported that the strength of the 

human intestinal wall was comprised of a 15–20% contribution of the muscular layers, 

a 70–75% contribution of the submucosa, and a 5–10% contribution of the serosa 

[142]. The previously discussed study by Heijnsdijk et al [84] also included a pilot 

study examining how the different layers of the bowel were affected using histological 

analysis. In one experiment the perforation force of a porcine small bowel segment 

was 12 N. The perforation forces of the outer (serosa and muscle) and inner 

(submucosa and mucosa) layers were measured as separate entities, finding perforation 

forces of 8.2 N and 6.2 N respectively. They concluded that the submucosa probably 

has the highest resistance to perforation, again due to its content of collagen [84]. The 

histological analysis in the ex vivo analysis of Chapter 4 has not contributed greatly to 

this body of literature due to the methodological difficulties found in our study. The 

mechanical and histological results have emphasised inter and intra individual 

variations in measuring biological tissue. This has demonstrated the difficulty in 

reliably measuring damage to tissue ex vivo. At 50k Pa the width of the submucosa 

was consistently reduced over the 5 second, 30 second and 60 second indentations (15 

%, 28 % and 44 % respectively), inferring that it is the submucosa that is absorbing the 

energy input of the mechanical load. These results are not replicated in the 160 kPa 

group. At 160k Pa, as in the 50 kPa data, the largest reduction in width is seen in the 

60 second indentations in the submucosal layer, however, no difference was seen in 

the indented submucosa compared to the control region at 30 seconds. There is less of 

a width reduction in the submucosa in the 255 kPa indentation set, where evidence of 

muscle disruption was found.  
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The work of Famaey et al [85, 89], in studies of arterial clamping, was similar in that 

the structure of the arterial wall  consists of three layers and it is challenging to 

examine each separately. The inner layer, or intima, consists mainly of one layer of 

endothelial cells. The middle layer is the media, which is the most important load-

bearing layer of the artery, consisting of collagen and elastin fibre-reinforced layers of 

smooth muscle cells (SMC’s), separated by fenestrated elastic laminae. The adventitia 

comprises loose connective tissue and thick bundles of collagen fibres and comprises 

the outer layer. An experienced pathologist, for qualitative analysis, evaluated their 

H&E stains and an endothelial cell count was performed manually on the H&E 

samples. In the histological work carried out in this thesis it was imperative to include 

both qualitative and quantitative analysis. The ex vivo results were challenging to 

interpret due to the inherent variability both within a single histological slide and 

between the different colon samples. It is likely that the cutting angle of the wax block 

during the preparation of the slides contributed to some of this variability. This 

inherent variability was likely to be the cause of the largely non-concordant results in 

the intra and inter individual concordance measurements. Concordance measures in the 

in vivo work in Chapter 5 were more promising. The grasped sections generally had 

higher OCCC than the control sections. All of the OCCC’s were significant (from zero 

or no agreement), except the control circular group. To see the agreement between 

pairs of observers within each group (1a versus 1b, 1a versus 2 or 1b versus 2), the 

CCC was calculated per pair. All of the pairwise agreements were significant in the 

grasped sections. The agreement was generally non-significant or borderline 

significant in the control groups. It is imperative to have consistent and repeatable 

results in studies of tissue damage and this need led to the extensive development of 

the methodology in the thesis. No concordance measurements were performed on the 

manual endothelial cell counts carried out by Famaey et al [85]. In order to achieve 
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repeatable, measurable results, alternative measurement methods using measurement 

software would be optimal.   

 

The tissue damage assessment by Heijnsdijk et al [84] used entirely different 

methodology in terms of load application and tissue damage assessment. This group 

studied the perforation forces porcine small and large bowel (caecum) and human 

small bowel. Porcine experiments were performed in situ in healthy pigs that had been 

sacrificed after experimental surgical procedures had been performed. Human 

experiments were performed on small bowel, specifically the duodenum or first part of 

the jejunum, which were removed after a pancreaticoduodenectomy. Inter and intra-

individual variability and the differences in perforation forces between small and large 

bowel tissue and between pig and human tissue were obtained. The methodology used 

was a bespoke tissue-testing rig comprising two metal hemispheres at the end of a 

lever (as shown in Figure 6-5), with a load applied on top of the lever to exert a pinch 

force. A 5.7 N pinch force was set and increased by 0.8 N per second until the 

occurrence of a perforation. Electrical resistance was measured between the 

hemispheres and a perforation identified when the electrical resistance decreased to 

zero. Results showed that there were large differences in intra-individual variability. In 

addition, the large variation in perforation forces complicates the potential for 

designing tissue friendly forceps. This group proposed an interesting theory with 

regard to the cause of intra-individual variation in perforation force. The experiments 

were performed within an hour of the animal being sacrificed and it was hypothesized 

that post mortem muscle contraction may cause thickening of the bowel wall locally 

and may influence the tissue strength [84].  
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Figure 6-5: Bespoke tissue testing rig used by Heijnsdijk et al [84] to measure 
perforation forces in small and large bowel 

 

Another method of assessing tissue compromise after loading may be to measure loads 

affecting blood flow. Miyasaka et al [87] conducted tests to determine load levels that 

adversely effected blood flow through the mesentery (the layer of tissue that contains 

the vascular supply to the small bowel. A laser Doppler device was used to capture 

blood flow and compromise was seen at forces over 100 gf. Figure 6-6A shows the 

overall experimental set-up. B to G show Doppler flow between 30 gf and 200 gf. The 

red arrows show the areas of maximum pressure on the mucosa. On Figure 6-6B –G 

there is no blood flow (black region) at the point of maximum pressure. This novel 

method of assessing an alternative way that the tissue can be damaged may be of use in 

future experiments and is further discussed in Chapter 7 in section 7.2.1. In the thesis 

work of Louise Russell [45], which ran in parallel to these experiments, a bespoke 

tissue testing rig was used to mechanically identify damage thresholds in ex vivo 

porcine tissue.  Observations of the force relaxation with increasing tip force from 1-

10 N shows that as the force increases, the amount of relaxation occurring in the 

sample also increases. Between 2.11 N tip force and 2.55 N tip force, there is a sharp 

decline in the amount of relaxation observed in the sample, suggesting that this is a 

critical level where tissue damage mechanics change [45]. This is demonstrated in 

Figure 6-7. It may be, therefore, that mechanical measurements can reliably identify 
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damage thresholds and complex histological analysis is therefore not be required in 

future work.  

 

Figure 6-6. Overview of Doppler measurements of small bowel blood flow 
reproduced from Miyasaka et al [87]. A shows the configuration of the small 

bowel containing the Doppler probe. B to G show Doppler flow between 30 gf 
and 200 gf. The red arrows show the areas of maximum pressure on the mucosa.  

 

 

Figure 6-7. Change in force relaxation after a critical cut-off force using a 
bespoke ex vivo tissue testing rig. Reproduced from the thesis work of Louise 

Russell [45] 

 



 

191 

6.3.1. Clinical Relevance in the Operating Theatre 

This work has successfully identified specific forces and timescales that result in tissue 

injury and these forces do correspond with those that surgeon’s would apply intra-

operatively. The development of a novel method of both histological analysis and 

mechanical analysis (by which the tool-tissue interaction can be characterised) has 

evolved through this thesis. This study is the first that to make a link between the 

mechanical analysis of tissue manipulation with change to the architecture of the 

tissue, using laparoscopic instrumentation that is commonly used in operating theatres 

throughout the world and in different surgical specialities.  

Applications of this and identification of areas for future study have been identified 

throughout the thesis. This work provides a foundation for future studies analysing the 

variables involved in tool-tissue interaction and their implications for tissue trauma.  

Another important and relevant application would be in simulated surgical training 

especially in the development of surgical training methods, to allow trainees to gain 

experience in appropriate handling of tissue in minimally invasive surgery with the 

aim to improve attainment of surgical competence.  
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Chapter 7. Conclusions and Future Work 

7.1. Conclusions 

This work has successfully identified specific loading conditions that result in tissue 

injury and is the first to establish an important link between the mechanical analyses of 

tissue manipulation with change to the architecture of the tissue.  The methodology 

presented here and these data will contribute to the development of smart laparoscopic 

graspers with active constraints to prevent excessive grasping and tissue injury with 

the ultimate goal of improving surgical safety and morbidity. 

 

7.2. Future Work: Development Route of the Next 

Generation of Atraumatic Grasper Technology 

This section moves onto the areas of study required to develop smart, atraumatic 

instrumentation. Three specific areas have been identified that would need to be 

developed in order to achieve this: 1. expanding the analysis of surgical grasping, 2. 

optimising methods of analysing tissue trauma and 3. modifying the design of 

laparoscopic graspers. Figure 7-1 shows the short and long terms design modifications 

that could be applied to any potential new laparoscopic instrument. Current research 

has lacked robust testing of tissue damage and analysis of the real life benefits of any 

instrument modifications in clinical practice. Such experiments would be pivotal in 

testing the efficacy of and implementing new generation graspers. The three 

specifically identified areas are discussed. 
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.  

Figure 7-1: Short and long term design modifications for a next generation 
laparoscopic grasper 

 

7.2.1. Optimising the Analysis of Surgical Grasping 

In order to fully understand surgical grasping a comprehensive database of grasping 

force and manipulations must be compiled. Two factors should be considered in this; 

the range of physical manipulations that are performed routinely in laparoscopic 

grasping (and how they change the tissue architecture) and how pathological processes 

affect normal grasping forces. The following will be discussed in more detail here. 

7.2.1.1. Quantifying a Range of Manipulations 

The range of manipulations performed in surgical grasping involves far more than 

simple grasping and include retraction and torque. Further tissue testing would need to 

represent these manipulations. One method of doing this could be to perform uniaxial 

tensile testing to tissue failure, which would give a better representation of retraction 

of tissue. An example this is in shown in Figure 7-2. Miyasaka et al [88] performed 
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distracted forces to small bowel with a view to lengthening the small bowel in therapeutics for 

short bowel syndrome, however these forces may mimic some of the retraction forces performed 

in laparoscopic surgery. A greater understanding of the effects of tissue retraction as well as 

grasping is required. 

 In the thesis work of Louise Russell [45] a bespoke tissue testing rig was designed and 

tested to apply a force to the tissue in controlled, repeatable testing conditions. 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 minute with a limit overshoot of 

less than 5 % [45]. A system such as this should be used to compile a comprehensive 

database of measured, relevant grasping manipulations, however modifications would 

need to be made to allow for in vivo experiments. In the experiments of Christensen et 

al [130] the authors concluded that porcine colorectal tissue may not be an accurate 

model for human colorectal tissue. It therefore stands to reason that using human tissue 

for the formation of any such database would be the most logical choice. As discussed 

in section 6.2.1, in vivo testing conditions are likely to give the most accurate results 

[116].  

 

Figure 7-2. Uniaxial tensile testing of tissue performed by Christensen et al [130] 
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7.2.1.2. Expanding Knowledge of Safe Grasping Thresholds 

Knowledge of mechanical properties of diseased tissue, as discussed in section 2.7.4, 

needs to be expanded to include that of pathological tissues. Acute small bowel 

obstruction is one example of a pathology where the bowel is distended and thin 

walled, therefore more prone to damage when handled laparoscopically [14]. 

Diverticular disease of the colon is another example. This disease is characterized 

morphologically by thickening of the colonic muscle with accumulation and aberrant 

deposition of connective tissue fibres [158]. An understanding of how tissue properties 

change in these disease processes and how grasper damage occurs in the presence of 

this pathology is not yet known and is an area of potential future work.  

7.2.2. Optimising Methods of Analysing Tissue Trauma 

The histological analysis described throughout this thesis was ultimately a time 

consuming method of analysing tissue damage. There were obvious limitations in the 

methodology, these are described in section 4.2.1 in Chapter 4. Alternative methods 

(preferably real-time that can be used in the operating theatre) of analysing tissue 

trauma need to be devised. Other parameters of assessing damage to the colon, such as 

the development of a post-operative ileus or serosal tear would most likely require in 

vivo porcine experiments with the pigs being kept alive to assess bowel function post 

operatively, with post mortem assessment of the grasped bowel eventually taking 

place. There are ethical and technical considerations for this beyond the scope of this 

thesis. Further methods of assessing tissue injury in terms of tissue architecture and 

compromise in blood supply are discussed here. 
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7.2.2.1. Improving Assessment of Tissue Damage 

One method with direct relevance expand to the pilot ultrasound work described in 

section 5.2.6.1 would be the application on High Resolution Ultrasound Scanning 

(HRUS). A feasibility study of an alternative method was performed in collaboration 

with Dr Christine Demore, Senior research fellow within the Ultrasound for Medicine 

and Life Sciences group at the Institute for Medical Science and Technology in 

Dundee. Employing imaging modalities such as the HRUS System may be beneficial, 

primarily because of its potential to visualise the damage in real-time.  Secondarily, it 

may be possible to integrate a high-resolution ultrasound imaging device into an 

endoscopic tool. HRUS can image tissues with a resolution on the order of 100 µm 

[159], while conventional medical ultrasound only resolves objects about 1 mm in size 

[160]. However, because attenuation of the ultrasound signal increases with frequency, 

the imaging depth is limited to about 15 mm, and consequently, tissues being imaged 

must be close to the surface, or be accessible by catheter or endoscope. Ex vivo porcine 

colon was grasped in a tissue testing rig at 100 N. The structure of tissue layers within 

the bowel was visible in images obtained using the HRUS.  The muscle layer in the 

bowel wall was found to be more reflective than other layers. The mucosal layer was 

clearly visible above the muscle layer. A change in the shape of the bowel wall was 

clearly visible with the tissue positioned muscle up. This study indicated feasibility of 

detecting damage due to graspers and the location of this damage. Another method of 

high resolution imaging to explore would be optical coherence tomography (OCT) 

which is used extensively in ophthalmology [161]. An OCT system comprises a light 

source, interferometer and a microscope or imaging catheter that delivers light to, and 

collects reflections from, the tissue to be imaged. This technique can be used trans-
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dermally, endoscopically and intra-operatively and could potentially be used to 

identify specific tissue layers [162]. 

7.2.2.2. Assessing Compromise in Blood Supply as a Measure of Damage 

The awareness of disruption of the vascular supply of tissue with retraction and 

grasping has been considered [98]. The Doppler ultrasound experiments performed on 

small bowel mesentery by Miyasaka et al [87] to measure the effect of load on 

mesenteric blood flow also point to potential for future work. It is not only the bowel 

itself which is damaged but disruption to the vascular supply of the small and large 

bowel contributes to anastomotic leaks [99]. More recently indocyanine green has been 

used to assess intestinal perfusion at the time of formation of an anastomosis in 

colorectal surgery to visualise the microcirculation [163]. This technique may also be 

used to identify disruptions in blood flow caused by laparoscopic grasping. 

The design of laparoscopic instruments can be modified in a number of ways, by 

optimising the grasping surface itself and the closing mechanism to distribute force 

more evenly. Several micro-structured polymers have already been developed in Leeds 

for achieving high traction in wet systems and these may provide a basis for the 

material design of a smart, atraumatic grasping surface [164]. Other potential materials 

for grasper surfaces include silicone, plastics such as polysulphone resin (which can be 

autoclaved) and colloids or gels but these would need to be amenable to sterilisation. 

Following on from previous studies [46, 54] parallel occlusion mechanisms show 

promise but effects on tissue and therefore on patient outcomes can only be quantified 

by analysing any damage carefully. The use of active constraints may also prevent 

tissue injury at known damage thresholds. The use of sensors to provide haptic 

feedback to the surgeon and identify pathology, important structures and tissue 
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ischaemia may also be a consideration. Measurement of the mechanical properties of 

tissue through mechanical models may identify parameters that signify disease. 

Comparing mechanical constants for example may make the distinction between 

healthy bowel, inflammatory bowel disease, or cancer. 

There are a number of modifications that can be made to produce truly smart 

laparoscopic instrumentation and this thesis, along with other important work, has 

helped identify the steps needed to improve laparoscopic instruments and therefore 

patient outcomes.  
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