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Abstract

Robotic minimally invasive surgery provides multiple improvements over traditional la-
paroscopic procedures, but one significant issue still encountered is their limited force
control during the grasping and retraction of tissue, as the surgeon is separated from the
instrument, and therefore denuded of their sense of touch and the applied forces. Prior
solutions have largely looked towards haptic feedback to resolve this issue, but an alter-
native approach is to detect and monitor the occurrence of tissue slip events. This would
allow the force to be automatically adjusted to prevent slip, minimising the clamp force
used to maintain control, thus reducing the probability of tissue trauma. The aim of this
work is to develop a method for the early detection and mitigation of tissue slip during
robotic surgical manipulation tasks, helping to reduce tissue trauma and minimise tissue

slip events.

Initial investigations into literature, and evaluation of the slip mechanics when grasping
soft, lubricated, deformable materials, indicated that small localised slips occur before the
onset of macro slip. Two phenomena were identified in the slip mechanics investigation
that could be employed to induce these slip in a measurable and repeatable manner.
Firstly through using the tissue’s deformable properties to create slip di Lerkntials between
the front and rear of the grasper face, and secondly through using a curved surface to

create a variation in the normal force, and thus frictional force, across the surface.

Two instrumented grasper faces were developed, based on each of these phenomena, that
were capable of monitoring the occurrence of localised tissue slip through monitoring the

displacement of a series of independent movable islands that made up the grasper face.



These were then demonstrated to be capable of automatically detecting slip events for
a range of test conditions with tissue simulants, before being utilised to automatically
control the grasping forces during a tissue retraction task. Both sensor systems provided
similar levels of tissue control to one which utilised the maximum clamp force throughout
the task, whilst applying lower forces during the early stages of retraction, reducing the
probability of tissue damage. In addition the normal force based method, with the curved
grasper face, was demonstrated to be e [edtive for the early detection of slip when grasping

porcine liver tissue, successfully detecting incipient slip in 77% of cases.

This work provides a strong basis for further development of incipient slip sensing for
surgical applications. It provides novel contributions in the understanding of slip me-
chanics of soft tissues, as well as presenting two separate novel sensing approaches for the
automatic detection and mitigation of slip events, olering an opportunity for reducing
the occurrence of tissue slip events whilst minimising tissue trauma, as well as surgeon

fatigue.
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Chapter 1

Background



1.1. Introduction

1.1 Introduction

Robotically Assisted Minimally Invasive Surgery (RAMS) is a burgeoning new technology
that o ers the opportunity to revolutionize the eld of surgery, by making procedures
faster [1], safer [1; 2; 3], and with shorter & less painful recoveries compared to traditional

laparoscopic procedures [2; 3; 4; 5].

RAMS is an evolution of standard Minimally Invasive Surgery (MIS), however, rather
than the instruments being manipulated directly by the surgeon they are connected to a
robotic arm, which is then controlled via a telemanipulator system. The use of RAMS
allows the introduction of features like 3D vision, articulated instruments, tremor elim-
ination, and computer-assisted scaling, all of which help improve the level of accuracy

and dexterity available to the surgeon, improving surgical outcomes|[6; 7; 8].

Figure 1.1: Example of a RAMS platform, the Da Vinci Surgical System [9]

Despite the advantages o ered by RAMS there has been limited uptake of the technology
within hospitals. One of the main reasons cited by surgeons for this is the lack of haptic
feedback [8; 10; 11], as there is no direct contact between the surgeon and the patient, so
the surgeon is denuded of their sense of touch. This can result in multiple issues during
surgery, but one of the most prominent is a lack of force control during grasping actions
[12; 13]. The over-application of force can lead to tissue trauma, due to the crushing of

the tissue by the grasper [12], or a lack of force can result in the occurrence of tissue slip
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Figure 1.2: Left: Example of a typical robotic surgical grasper (Double Fenestrated
Grasper, Intuitive) Right: A cross-section of histological tissue samples of porcine colon,
displaying the e ect of clamping force on colon tissue damage during laparoscopic grasping
[15].

events, which can lead to surgical delays, or further adverse events [13; 14].

Although haptic feedback of the grasping forces has been demonstrated to be an e ective
means of reducing tissue trauma caused by excessive grasping forces, there has been
limited investigation of its ability to reduce the occurrence of slip events during surgical
grasping [16; 17; 18]. A more direct method of preventing slip, whilst minimizing the
grasp forces applied, would be through detecting the occurrence of tissue slip. If slip
can be detected early, then the grasping force can be adjusted to prevent further slips
from occurring. This would allow the grasper to utilize reduced grasping forces, whilst
preventing slip events, resulting in reduced tissue trauma, and minimizing the occurrence

of loss of tissue control due to slip. This would also open up the possibility for automation

of the force control during the grasping action, allowing them to focus on more critical

surgical tasks, helping to reduce surgeon fatigue [19].

Therefore, the following work will investigate methods for detecting the slip of soft de-
formable tissues during surgical manipulation, so that mitigating actions can be taken to

prevent slip, whilst aiming to also reduce tissue trauma.



1.2. Literature Review

1.1.1 Contributions

This dissertation makes the following contributions in the elds of surgical robotics,

grasping, and sensing:

" Characterisation of the slip mechanics when grasping soft, deformable, lubricated
materials, with various grasper face designs. The results of this work indicated
two viable methods of inducing incipient slip when grasping these materials. This
work provides a useful basis for future sensor designs for the detection of slip of

deformable materials.

A novel incipient slip sensing approach that utilizes the grasped materials' de-
formable nature to create measurable levels of incipient slip. This can be used to
detect tissue slip early so that mitigating actions can be taken to prevent it, whilst

reducing the applied grasping force, helping prevent tissue trauma during surgical
grasping.

A second novel slip sensing approach that uses a curved grasper face to create areas
of high and low normal, and thus frictional force, to induce predictable incipient
slips towards the outer edge of the grasper face, when grasping deformable materials.
This system has been demonstrated to e ectively detect the presence of incipient
slip when grasping porcine liver samples, and has been used to fully automate the
force control during grasping actions, under conditions representative of those used

in surgical practice.

1.2 Literature Review

This literature review rst evaluates the major clinical issues associated with robotic

surgical graspers, to demonstrate the clinical need for improved slip detection, with a
focus on the grasper's limited force control, which has been identi ed as a major issue
during surgical manipulation tasks. The review then analyses current research that aims

to resolve this issue, before presenting a novel alternative approach that utilizes detecting
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tissue slip events through the induction and monitoring of localized incipient slips. The
fundamentals of slip mechanics are then discussed, followed by a review of how both
humans, and the latest conventional robotic grippers, encourage and detect incipient slip

events.

1.2.1 Clinical Need

One of the main problems encountered within robotic and laparoscopic surgery is the
limited force control available during tissue manipulation tasks, this can result in tissue
trauma due to the over-application of force [12], or lead to tissue slip if insu cient grasping

forces are used [12; 14].

The over-application of force has been shown to be the cause of up to 55% of consequential
errors in surgical trainees [12]. During surgery excessive clamp forces can lead to tissue
trauma, resulting in blood supply issues and localized necrosis [20], or even perforation
and haemorrhaging of the tissue [12; 21], which can lead to far more serious issues like

infection and sepsis.

In addition, the limited force control can result in tissue slip if insu cient gripping forces

are used during manipulation and retraction tasks. Although these don't usually lead to
consequential errors one study found them to be responsible for 21% of inconsequential
errors [12], whilst another found them to account for 7% of failed grasping actions [22].
Slip during surgery is an undesirable event as it can lead to tearing of the grasped tissue,
or result in further adverse events as the surgeon will not be expecting the tissue to slip
[23]. Tissue slips also disrupt surgical procedures, leading to delays while the tissue is

found and re-grasped, which results in longer surgeries with higher costs [19].

The main source of the limited force control during RAMS is the lack of haptic feedback
available to the surgeon, denuding them of their sense of touch and an understanding of
the forces being applied. Instead, surgeons rely on visual cues to estimate the force, but
these have been demonstrated to provide insu cient information to reliably predict the

magnitude of force being used for the task [24]. This is supported by trials done King
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et al. [16], where a tactile feedback system consisting of silicone balloons to simulate
the force measured at the tips of the graspers was employed to provide force feedback to
the surgeon. When moving an object from one peg to another, the study found that the

addition of the tactile feedback mechanism reduced the mean applied force from 15.3 N to
6.4 N, a reduction of 58% [16]Wottowa et al. [25] used a similar system to evaluate the

e ect of grasping force on tissue damage using porcine bowel samples, and found a direct
correlation between the force applied and the amount of tissue damage present. The
addition of haptic feedback to the system reduced the median number of tissue damage

sites per sample from 3 to 1 [25].

1.2.2 Tactile Sensing in Surgical Graspers

A large amount of research has focused on the addition of sensors around the grasper
jaws, a range of these sensors are summarised in Table 1.1. From the sensing modalities
column, it can be seen that the majority of these systems focus on either measuring
the pressure distribution, for palpitation and force control, or monitoring the shear and
normal forces, with the aim of reducing tissue trauma caused by the over-application of

force.

Although some of these systems have been demonstrated to e ectively reduce the forces
applied, and the levels of tissue trauma observed [16; 25], they still haven't seen inclusion
within RAMS platforms. We believe a better method of controlling the grasping force is
through monitoring and detecting the occurrence of tissue slip. If slip can be detected
early then the grasping force can be adjusted to prevent it, this would also help to
minimize the grasp force used to maintain a stable grip of the tissue, as only just enough
force is being used to prevent tissue slip, thus reducing tissue trauma. Only a small
number of graspers were identi ed that speci cally focused on the detection of tissue slip

(Table 1.1).



Table 1.1: Summary of instrumented graspers for robotic surgery

Researchers Sensing Modality Sensing Technology Sensor Location/planned
Howe et al.[26] Pressure Distribution Capacitive tactile array 8x8 Grasper Jaws
Kim et al. [27; 28] Normal and Shear Force (3 DoF) Capacitive Sensor Grasper Jaws

Burkhard et al. [29; 19] Gross Slip Heater and '_I'hermlstors (Similar Grasper Jaws
to hot wire anemometry)
Dai et al. [30] Normal and Shear Force (3 DoF) Capacitive Sensor Grasper Jaws
Grasp Force and Pull Force to Load Cell + 6 DoF Force Torque Joint actuation unit
Khadem et al.[31] : : .
estimate when close to slip point Sensor + Robot arm

Lee et al. [32] Normal and Shear Force (3 DoF) Capacitive Sensor Grasper Jaws

Hong and Jo [33] Normal and Shear (2 DoF) Strain Gauges Articulated Joint

Hammond et al.[34]

Conductive liquid lled

Pressure Distribution .
microchannels 2x4

Grasper Jaw

Qasaimeh et al.[35]

Pressure Distribution PVDF Array 3x3

Grasper Jaw

King et al. [16; 17]

Piezoresistive with 2x3 electrode

Normal/Grasp Force
array

Grasper Jaw

Schostek et al[36]

Change in contact area between
conductive polymer and
spherical electrode array

(33 electrodes)

Pressure Distribution

Grasper Jaw

Dargahi et al. [37]

Grasper Jaw

Jones et al.[38]

Grasper Jaw

Sokhanvar et al.[39]

Grasper Jaw

Jones et al.[40]

Pressure Distribution PVDF Film with electrode array
Normal and Shear (2 DoF) Soft inductive tactile sensor (2 DoF)
Pressure Distribution PVDF Im mounted on beams

Gross Slip Soft inductive tactile sensor (2 DoF)

Grasper Jaw

MBINDY alnjelall] "¢'T
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Figure 1.3: Left: Graph indicating the "Safe Grasp' region where the force is su cient to
hold the tissue without causing tissue trauma or a loss of control [14]. Top Right: Slip
sensor for use in surgical grasper developed by [29]. Bottom Right: Principle of operation
of slip detection system based on hot wire anemometry [29].

Khadem et al. [31] developed an automated grasper system that automatically adjusts
the applied gripping force, depending on the current retraction force, to remain within a
pre-de ned safe grasping zone (Figure 1.3). The system consists of two sensors, a load
cell contained within the joint actuation unit, which measures the grasping force via the
tension in the cable, and a 6 DoF force/torque sensor, connected at the interface between
the robot arm and tool, to monitor the retraction forces [31]. The main issue with this
system is it requires prior knowledge of the tissue being grasped, the safe grasping zone
is pre-determined for each tissue, making it unable to adapt to di erent tissue types, or
those with signi cant variation from the 'average’, which is likely given the high variability

between patients [41].

A more direct method of monitoring tissue slip was developed WBurkhard et al. [42; 29;
19], this uses a thermal sensor technology, based on hot wire anemometry, to detect the
occurrence of tissue slip. The basic principle relies on a heater with thermistors placed
either side (Fig. 1.3), during static grasping both thermistors will detect the same heat
ux from the heater. However, when the tissue slips the heated section of the tissue
will move closer to one of the thermistors, increasing the heat ux detected by it, whilst
decreasing it at the thermistor opposite [23]. Through monitoring these changes in heat
ux it is possible to detect the occurrence and direction of slip, in trials on ex-vivo porcine

samples it was able to detect slip after less than 2 mm of displacement [29].
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Another reactive approach to detecting the presence of tissue slip was developeddyes
et al. [40], this utilised a 2 DoF soft inductive tactile sensor to monitor the normal and
shear forces applied at the grasper face. Slip was indicated when the Coe cient of Friction

rst peaked.

Although both of these systems show some promise for direct slip detection during robotic
surgery, they are both reliant on gross slip occurring before it can be detected. Given the
small size of most robotic surgical graspers, the occurrence of only a small number of slip
events could result in a complete loss of grip control. If it is possible to predict slip, or
detect early indicators that suggest slip is imminent, then mitigating actions can be taken
to prevent it before a loss of tissue control can occur, ensuring a more complete control

during tissue manipulation tasks, whilst reducing the probability of tissue trauma.

1.2.3 Slip Mechanics

To be able to develop a robust and reliable sensor for the early detection of slip events

during tissue grasping, it is essential that the mechanics of slip are rst well understood.

For two bodies to remain in contact all points along the contacting surface, for each
body, must move with the same tangential velocity, if any two coincident points along
the contact have di erent tangential velocities, then slip is occurring [43; 44]. Whether
an object slips or not is determined by the ratio between the static friction forca~¢) at
the surface, and the shear forca=g) that is being applied, whenFs > F ¢ slip will occur

[43; 44; 45].

The frictional force of the contact is determined by Amonton's Law of friction, which
states that Fr is directly proportional to the normal force ,), the ratio between these
is determined by the static coe cient of friction ( ), see Equation 1.1. It was previously
thought that this value was constant for a particular pair of materials in contact, however
it is now believed that s can vary with normal load, sliding velocity, apparent contact
area, temperature, humidity, age of contact, and the rate of change of tangential force

[46; 47]. Amonton's law though is a reasonable rst order approximation for a model
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Figure 1.4: Diagram of contact mechanics between an elastic cylinder and a rigid at
plate under normal and tangential loads demonstrating how incipient slip can occur.

of friction between two solid elastic bodies, the inclusion of elastomers and lubrication
will reduce its accuracy [48], however it should function su ciently as a model to help

understand the problem.

FF = Fn S (1.1)

Slip can be broken down into two main stages [44]; there is macro or gross slip, which
occurs when the total shear force exceeds the total friction force. In this case the whole
of the surface loses grip, and the contacting bodies will move relative to each other.
The other form of slip is incipient or micro-slip, this generally occurs prior to the onset

of macro slip, when the local shear force exceeds the local frictional force, leading to
localised relative displacements between two contacting points on the surface, whilst the

remainder of the contacting surface remains static [43; 44; 45] (See Fig. 1.4).

Observation of the mechanics of a Hertzian contact, demonstrates how these incipient
slips develop. Hertz theory describes the contact between two elastic spheres contacting
at a point, or as an elastic sphere contacting a rigid plane (Fig. 1.4). As a normal force
is applied the sphere deforms resulting in an increase in the contact area, the points
towards the centre of the contact deform more, leading to a greater pressure at this point
due to the greater material displacement, and therefore strain. This pressure distribution

decreases towards the outer edge of the contact, with a parabolic distribution, tending

10
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to zero and the edge contact where there is no compression of the elastic sphere, and so
there is zero normal force acting at this point. Combining this Hertzian contact with
Amanton's law of friction, when a tangential load is applied to the sphere the points

of zero normal force at the very edge of the contact will slip rst, as they will have
zero frictional force to resist the tangential load. However, the remainder of the contact
will still remain static due to the frictional force acting on the contacting surface. As
the tangential load is increased the slip will then propagate towards the centre of the
contact where the material deformation, and therefore normal and frictional forces, are
greatest. Hertzian contact theory contains a number of assumptions and simpli cations,
but provides a good model for understanding how the normal force distribution, that

resulst in incipient slip, develops.

If incipient slip can be created and controlled in a predictable manner, then it should
be possible to cause preferential incipient slips to rst occur on a particular part of the
grasper face. These incipient slips can then be detected before the onset of macro slip,
whilst grip is still maintained by the remainder of the grasper face. Based on Amonton's
Law there are two main ways of encouraging incipient slip, through variation of the
normal force, or through variation of the coe cient of friction, the methods we identi ed

for altering these are summarised in Table 1.2.
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Table 1.2: Summary of methods for encouraging the preferential occurrence of incipient slips in a controlled and predictable manner

The contacting shape can
create a distribution of

Surface Shape normal load which results
in a variation in friction

force across the surface

Normal Force 2 : ”
Sti er materials will create

a higher normal load for

Material sti ness the same displacement.
This only works when
grasping rigid objects

Change in surface
roughness through di erent
Surface Roughness nishing methods can cause
variation in the coe cient
of friction

Coe cient of Friction The addition of large scale

features similar to tyre
treads can reduce
hydroplaning and increase
friction in wet/lubricated
environments

Surface Features
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The other major law that governs slip is Coulomb's model of friction. This states that the
kinematic frictional force is independent of the sliding velocity, therefore if the normal
force remains constant after the point of macro slip, then the frictional force acting

between the sliding surfaces will also remain constant.

Figure 1.5: Coulomb’'s model of friction indicating that the frictional force is independent
of the sliding velocity

1.2.4 Incipient Slip Detection
Human Slip Sensing

The human nger is able to automatically detect the occurrence of localised incipient slips,
and make adjustments with minimal displacement of the grasped object [49; 50], using a
force only 10-40% above the minimum required to prevent slip [49]. The convex shape of
the human nger pad encourages the onset of these incipient slips, as the higher normal
force at the centre of the nger pad results in an increased frictional force compared to
the edges. Therefore, when shear force is applied the edge is seen to break contact rst,

and starts to slip, while the centre maintains the grip on the grasped object [51; 52].

Delhaye et al.[52] showed that once the tangential force reaches a certain value there is
a linear decrease in the ratio between the contact area that is stuck, and that which is

slipping, this is otherwise known as the stick ratio. Once the stick ratio reaches zero the
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