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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 differentials 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.
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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 effective 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, offering 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
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1.1. Introduction

1.1 Introduction

Robotically Assisted Minimally Invasive Surgery (RAMS) is a burgeoning new technology

that offers the opportunity to revolutionize the field 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 offered 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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1.1. Introduction

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 effect 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 effective

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.
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1.1.1 Contributions

This dissertation makes the following contributions in the fields 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 effectively 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 first 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 identified 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 insufficient 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 insufficient 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 insufficient information to reliably predict the

magnitude of force being used for the task [24]. This is supported by trials done by 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

effect 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 effectively 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 identified that specifically focused on the detection of tissue slip

(Table 1.1).
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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 Thermistors (Similar
to hot wire anemometry) Grasper Jaws

Dai et al. [30] Normal and Shear Force (3 DoF) Capacitive Sensor Grasper Jaws

Khadem et al. [31] Grasp Force and Pull Force to
estimate when close to slip point

Load Cell + 6 DoF Force Torque
Sensor

Joint actuation unit
+ 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] Pressure Distribution Conductive liquid filled
microchannels 2x4 Grasper Jaw

Qasaimeh et al. [35] Pressure Distribution PVDF Array 3x3 Grasper Jaw

King et al. [16; 17] Normal/Grasp Force Piezoresistive with 2x3 electrode
array Grasper Jaw

Schostek et al. [36] Pressure Distribution

Change in contact area between
conductive polymer and
spherical electrode array

(33 electrodes)

Grasper Jaw

Dargahi et al. [37] Pressure Distribution PVDF Film with electrode array Grasper Jaw
Jones et al. [38] Normal and Shear (2 DoF) Soft inductive tactile sensor (2 DoF) Grasper Jaw

Sokhanvar et al. [39] Pressure Distribution PVDF film mounted on beams Grasper Jaw
Jones et al. [40] Gross Slip Soft inductive tactile sensor (2 DoF) Grasper Jaw
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Figure 1.3: Left: Graph indicating the ‘Safe Grasp’ region where the force is sufficient 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-defined 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 different tissue types, or

those with significant variation from the ’average’, which is likely given the high variability

between patients [41].

A more direct method of monitoring tissue slip was developed by Burkhard 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

flux 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 flux detected by it, whilst

decreasing it at the thermistor opposite [23]. Through monitoring these changes in heat

flux 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 developed by Jones

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 Coefficient of Friction

first 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 first 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 different tangential velocities, then slip is occurring [43; 44]. Whether

an object slips or not is determined by the ratio between the static friction force (FF ) at

the surface, and the shear force (FS) that is being applied, when FS > FF slip will occur

[43; 44; 45].

The frictional force of the contact is determined by Amonton’s Law of friction, which

states that FF is directly proportional to the normal force (Fn), the ratio between these

is determined by the static coefficient of friction (µs), 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 µs 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 first order approximation for a model
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Figure 1.4: Diagram of contact mechanics between an elastic cylinder and a rigid flat
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 sufficiently as a model to help

understand the problem.

FF = Fnµs (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
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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 first, 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 simplifications,

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 first 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 coefficient of friction, the methods we identified

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

Normal Force

Surface Shape

The contacting shape can
create a distribution of

normal load which results
in a variation in friction
force across the surface

Material stiffness

Stiffer materials will create
a higher normal load for
the same displacement.
This only works when
grasping rigid objects

Coefficient of Friction

Surface Roughness

Change in surface
roughness through different
finishing methods can cause
variation in the coefficient

of friction

Surface Features

The addition of large scale
features similar to tyre

treads can reduce
hydroplaning and increase
friction in wet/lubricated

environments
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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.

Velocity
F

 F
ri

ct
io

n

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 finger 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 finger pad encourages the onset of these incipient slips, as the higher normal

force at the centre of the finger pad results in an increased frictional force compared to

the edges. Therefore, when shear force is applied the edge is seen to break contact first,

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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Figure 1.6: Change in the ratio of stuck area (dark grey) to the slipping area (light grey)
as the contact of a finger progresses from incipient to macro slip [51].

finger goes from an incipient slip regime to a macro slip one, this took between 90 and

980 ms depending on the sliding velocity, normal force, and direction of movement [52].

Figure 1.7: Diagram of the various mechanoreceptors present within the human glaborous
skin [53].

Humans are able to detect the occurrence of these incipient slips through the mechanore-

ceptors within the glabrous skin of the finger pad. There are 4 different types of receptors

which can be classified as either fast adapting (FA) or slow adapting (SA), with a small

or large receptive field [54] (Fig. 1.7 & Table 1.3).

In a study carried out by Johansson and Westling [50] the signals coming from these four

main mechanoreceptors were monitored. It was observed that just prior to the occurrence
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Table 1.3: Summary of the major receptors in the glaborous skin of the fingertip. Adapted
from [49; 55]

Receptor Class
Field

Diameter
(mm)

Sensitive
Frequency

(Hz)

Receptors
per cm2

Probable
Sensory
Modality

Meissner Corpuscle FAI 1-100 (12.6) 5-50 140 Touch/Contact
Pacinian Corpuscle FAII 10-1000 (100) 40-400 21 Vibrations

Merkel Disk SAI 2-100 (11) <5 70 Pressure & Shape
Ruffini Endings SAII 10-500 (60) 7 10 Skin Stretch

of slip there was a spike in responses from a large number of FAI and SAI receptors. It

was suspected that these were the result of localised slips occurring prior to the onset of

macro slip, as higher activity was seen towards the edge of the contact [50]; this is further

supported by the work done by Delhaye et al. [52].

Once macro slip occurred responses from the FAII receptors also spiked as a result of

high frequency vibrations caused by the macro slip, but they barely triggered during the

incipient stage [50]. This suggests that localised slips are detected through changes in

the local strain, rather than any vibrations given off from localised slips, possibly due to

the damping of vibration when a solid contact is present [50]. However, another study

by Srinivasan et al. [56] showed that the surface texture of the grasped object has a

significant effect on whether or not a particular mechanoreceptor detects the presence of

incipient slip. For FAII receptors to function a textured surface was required to induce

sufficient vibrations that could be detected during the incipient slip stage [56], if the

objects used by Johansson and Westling lacked the appropriate texture then the FAII

receptors would not fire during incipient slip.

Robotic Slip Sensing

For robots to be able to grasp unknown objects securely, whilst using the minimal possible

force, they need to be able to detect the occurrence of slip [45]. There are two main

approaches taken to detect slip, through monitoring of macro slip or by detecting the

incipient slips [45]. The issue with a reliance on detecting macro slip is that it requires

the loss of stable control of the grasped object before mitigating actions can be taken.

15



1.2. Literature Review

This is particularly relevant for surgical graspers given the inherently low levels of friction

[57], and small size of the grasper face [58], there is very little margin for error before

complete loss of control occurs. Therefore the focus of this section will be on methods of

incipient slip detection, for a review of methods of macro slip detection see [43; 45].

One of the key elements of an incipient slip sensor is its ability to encourage detectable

levels of incipient slip; it must be able to cause some areas of the contact to slip whilst

maintaining a secure grip in others. The majority of incipient slip sensing systems focus

on human inspired methods to try to encourage the occurrence of localised slip, employing

finger like or hemispherical/cylindrical grasper jaws to create a distribution of normal load

[45]. However, the detection methods and methodologies used vary significantly.

One of the earliest attempts to monitor incipient slip by Tremblay and Cutkosy [59] used

accelerometers placed below a curved contacting surface to detect the vibrations that

occur as a result of incipient slips, similar to how FAII receptors work [50]. The sensor

consisted of a hemicylindrical deformable core, covered in a rubber skin with an array of

‘nibs’ on its surface. The curve of this structure created a normal distribution to try and

encourage incipient slip, and then when localised slips occurred the ‘nibs’ helped amplify

any vibrations that occurred to make detection easier [59; 60].

Figure 1.8: Left: Diagram of slip sensor from [59] Right: Diagram of slip sensor from [61]

Two accelerometers were used to detect the vibrations, one was placed at the centre of

contact whilst the other was placed on the side of the cylinder [59]. This set up was used

to differentiate between external vibrations, and those that are the result of incipient slip.
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If a signal is detected at both accelerometers then the result of the vibration is likely not

due to slip but general motion, however if it was caused by incipient slip then a signal

would be detected at the side accelerometer, whilst the central one was damped due to

its contact with the grasped object [59]. The system was able to detect the occurrence

of incipient slip and take mitigating actions to prevent it, as well as differentiate between

actual slip and general movement vibrations.

Son et al. [61] further developed this design, replacing the 2 accelerometers with 4

Polyvinylidene fluoride (PDVF) piezoelectric strips along the length of the cylinder, which

function as stress sensors. This design was intended to try and detect more localised

events, like incipient slip, instead of the global vibrations [61]. To test the sensor they

pressed it against a linear slide and applied a constant tangential force, the normal force

was then reduced until sliding occurred [61]. They were able to detect a loss of contact

at the edge of the region due to stress relaxation measured by the PVDF, up to 95 ms

before any motion was detected, a sufficient time window to make any adjustments to

prevent slip [61].

Marconi and Melchiorri [62] developed a 16x16 taxel matrix which was covered in a layer

of piezoresistive rubber, this was capable of detecting incipient slip through monitoring

changes in the centre of pressure. This method appeared able to identify incipient slip

before the onset of macro slip, even in highly lubricated conditions [62]. However, the

sensor design is flat and was only tested for grasping a curved object, it would be less

likely to work on flat objects, as there would be minimal occurrence of incipient slip that

could be detected before macro slip occurs.

Another method of detecting incipient slip is through monitoring of the strain field, as

the amount of strain present across the curved surface should vary, as different tangential

loads are being experienced across the surface due to the variation of normal force [63].

Maeno et al. [63] developed a curved elastomeric sensor to mimic the human finger, then

implanted strain gauges along its length so that the distribution of shear strain could be

monitored.
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Figure 1.9: Left: Strain Based slip sensor from [63] Right: Slip sensor based on epidermal
ridges from [64]

Fujimoto et al. [64] also developed a strain monitoring sensor for incipient slip detection,

using an artificial skin that mimicked the epidermal ridges in human fingers. Both the

overall sensor and the individual ridges were curved to encourage the occurrence of in-

cipient slips. To detect the slips 2 PVDF strips were placed within each epidermal ridge,

mimicking the position of FAI receptors in human skin [64]. An artificial neural network

was then used to monitor and detect the occurrence of incipient slip based on both the

high and low frequency response of the PVDF strips [64]. The system was able to detect

incipient slip, but there is no indication over what length or time scales it was able to

achieve this.

One of the most advanced tactile sensors currently available is the Biotac finger. This

uses a multitude of sensors for detecting a range of different tactile sensations, it consists

of 19 electrodes to measure the contact positions of the finger, a hydro-acoustic pressure

transducer to measure the overall contact pressure and vibrations, and a thermistor to

measure temperature at the fingertip [65; 66]. Veiga et al. [66] used the Biotac finger,

combined with machine learning, to try and develop a system that could predict slip, using

inputs from all of the available sensors to detect it, and then automatically adjusting the

grip force to prevent it. Analysis of the channel relevance, to understand the contribution

of each in predicting slip, indicated that the array of localised electrodes on the finger

dominated prediction. They were the most significant signal for slip detection in 6 out of

7 trial objects, though there was also significant input from the low and high frequency

pressure channels [66]. This indicates that a more localised sensing methodology is a
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better detector of slip, but a combination of sensors has the greatest overall success rate,

similar to how mechanoreceptors in the human hand work in tandem to detect slip.

Figure 1.10: Left: Schematic of Biotac [67]. Right: Biotac finger[65]

Work done by Su et al. [68] investigating slip using the same Biotac finger showed that the

high frequency pressure gave the earliest indication of slip, up to 35 ms before macro slip,

whereas the electrodes were only able to detect incipient slip 8 ms before its onset. This is

likely because for slip prediction the electrode values were combined into a single normal

force value, rather than being analysed individually as in [66], removing the advantage

offered by localised measurement.

Several research groups have looked into optical methods for detecting the occurrence of

incipient slip. William et al. [69] developed a slip sensor that measures the change in

light intensity, which varies depending on the deformation of translucent ridges on the

sensor’s surface. This method was able to detect incipient slip up to 600 ms before the

onset of macro slip [69], however it is reliant on the consistency of an external light source

which in many cases may be inconsistent, particularly during robotic surgery.

Another optical based method is that developed by Watanabe and Obinata [71] which

consists of a camera positioned behind a transparent semi-spherical body, with an array

of dots on its surface. Through monitoring the displacement of each dot from its initial

position it is possible to detect when slips occur [71]. The major issue with this technique

though is images can only be taken every 32 ms due to the high computational time

required to process them, this was sufficient for slow slip rates, but might struggle for

sudden slips where a much more rapid response time is required [71].
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Figure 1.11: Left: Principle of operation of optical slip sensor from [69] Right: Output
of Gelslim sensor during manipulation task [70]

The GelSlim tactile sensor also uses a camera combined with an array of dots, but uses

a flat grasper filled with a soft gel rather than an elastomer [70]. The sensor is able

to detect the object’s shape through the imprint pattern, and through monitoring the

relative movement of the dots compared to an expected rigid transform is able to detect

the occurrence of both translational and rotational incipient slips [70]. The GelSlim

was able to detect the occurrence of incipient slip with 86.25% accuracy. However, this

method is reliant on the grasped object being rigid, and is less reliable on objects with a

small contact patch [70].

Rigi et al. [72] developed a vision-based system that used a rectangular silicone block as

the grasper interface, and then to detect slip an event-based camera was positioned at 45

degrees looking through the rear of the block. This offset filtered out any external light

so it was significantly easier to measure the contact area through image processing [72].

This system proved capable of detecting slip on a variety of objects, up to 44 ms prior to

the onset of macro slip [72].

One design that strays from the standard hemicylindrical/spherical shape for inducing

incipient slip is the PapillArray. Rather than using a single curved surface to create a

normal force distribution, an array of deformable pillars is used instead [73]. This creates
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Figure 1.12: Principle of operation PapillArray. (A) Uncompressed State. (B) Com-
pressed state with no tangential load, the normal force experienced by the right hand
pillar is greater due to the larger compression. (C) Tangential load is applied, and fric-
tion force at the right pillar is higher due to higher normal load based on Amontons Law,
therefore it will take a higher tangential load for this pillar to lose contact [73].

a step change in the normal load, rather than a continuous distribution, as the central

pillar is 1 mm taller than the surrounding pillars. During tests it was observed that in

high friction cases, there was a significant difference between the time each pillar slipped,

over 2 seconds in some cases [73]. However, for low friction lubricated conditions, both

pillars slipped at almost the exact same time [73]. A pinhole camera is then used to

monitor pillar deflection through changes in a spot of light projected into the tip of the

pillar [74].

Although a large number of these sensors have results that prove their ability to detect

incipient slip, it is difficult to compare the performance of the various sensors as they use

a variety of different metrics. These include:

• Time delay that occurs between incipient and macro slip [68; 72].

• The relative displacement of different parts of the sensor surface [73].

• How often the sensors identify incipient slip correctly [66; 70].

As well as the different metrics used there is no standard grasped object, test method, or

clamping force, used in the assessment of grasping performance, making comparisons be-

tween different sensing methods almost impossible as too many variables change between

experiments.
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1.2.5 Automation

Humans are able to react to the onset of slips very quickly when they do occur, with

the onset of slip, and the occurrence of adjustments to mitigate the slip, approximately

0.06-0.08 s apart, this indicates that the neural response occurs automatically as part

of a reflex arc [75]. This suggests that slip detection and response should be managed

via closed loop controls, to minimise the reaction time to slip. In contrast, involving the

surgeon in the feedback and response loop would increase the response time, unless the

system is able to achieve almost complete feedback transparency between the surgeon

and sensors.

The automation of the force control during the grasping action could also provide sev-

eral surgical benefits. Primarily the surgeon will no longer need to focus on accurately

controlling the force during grasping, helping to reduce surgeon fatigue, and allowing

surgeons to focus on more critical surgical tasks [19]. Grasping automation could also

provide additional utilisation from extra robotic arms on the surgical platform. Cur-

rently, the Davinci Surgical System (Intuitive) has a total of 3 instrumented arms, but

the surgeon only has direct control over two of these at any one time. The inclusion of

grasping automation would allow the third arm to be utilised for simple retraction and

hold tasks, whilst the surgeon manipulates the other arms without concern of the tissue

slipping or releasing [19], helping to speed up surgeries, and possibly even allowing more

complex manipulation tasks to be conducted.

1.2.6 Summary of Literature

From the analysis of the literature there is a clear clinical need for improved force con-

trol within robotic surgical graspers, as poor force control results in tissue trauma from

excessive grasping loads, or can lead to tissue slip if insufficient forces are used. Evalua-

tion of current systems developed for force control in surgical graspers, indicates that the

majority aim to utilise haptic feedback of the grasping forces to the surgeon to try and

avoid excessive clamping forces, and therefore tissue trauma. However, the key aim of a
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surgical grasper is to securely clamp and hold tissue, so that it can be manipulated reli-

ably, therefore a better indication of a successful grasp is the measurement and detection

of tissue slip events. If tissue slip can be detected early then grasp forces can be adjusted

to prevent them, also helping to reduce the applied gripping force and thus limit tissue

trauma.

Research into the theoretical mechanics of slip indicates that before macro slip occurs

multiple smaller incipient slips occur where the local shear forces exceed local frictional

forces, whilst the remainder of the contact is still being held securely. This is how

human fingers detect slip early, helping us to manipulate fragile objects in a controlled

manner without damaging them. The curved pad of the human finger causes slip to occur

preferentially towards the outer edges, where there is lower normal forces as a result of

its curved surface. The large majority of robots designed to detect incipient slip mimic

the human finger for this reason, to encourage the occurrence of incipient slips so they

can then be detected.

Although the majority of robots use the same shape to encourage incipient slip there is

a significant variety of different sensing methodologies used to detect their occurrence.

The main three methods utilised are:

• Pressure distribution - This is similar to how humans detect incipient slip by mon-

itoring the overall contact area present.

• Localised vibration - This was the most common method used for detecting slip in

early robotic graspers, and is the main method humans use to detect macro slips,

and possibly incipient slips depending on the texture of the contacting surface.

• Localised strain - Using localised strain measurements it is possible to detect a

relaxation that occurs as grip is lost on the contacting surface as there is no longer

any tension being applied.

Any slip detection and mitigation system would also require closed loop control automa-

tion, as the inclusion of the surgeon in the loop would increase the reaction time, which
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could result in insufficient time for the surgeon to react in time to prevent slip.

1.3 Aims and Objectives

The main aim of this work is to develop, and demonstrate, a methodology that can be

used to detect the occurrence of tissue slip early during robotic surgical manipulation

tasks, so that mitigating actions can be taken to prevent it.

The purpose of this is to try and prevent slip events during the grasping and retraction

task in robotic surgery, whilst minimising excessive grasping forces, which can lead to

tissue trauma. Given the short reaction time required to prevent slip events the force

control during grasping should be automated.

Objectives

The objectives defined for the work presented are as follows:

• Develop a system for simulating the surgical grasping and retraction of tissue, that

is capable of directly monitoring the tissue slip occurring at the grasper face.

• Investigate the slip mechanics of soft, lubricated, deformable materials like biolog-

ical tissue, and how variations in grasper face profile can influence the induction of

incipient slips.

• Utilising knowledge of the slip mechanics develop an instrumented grasper(s) capa-

ble of inducing and then detecting incipient slip of soft tissues.

• Develop an algorithm for the automatic detection and mitigation of slip events

during robotic surgery, and demonstrate its ability to reduce the forces applied to

tissue during grasping and retraction, whilst preventing the occurrence of slip.

1.3.1 Thesis Outline

The following manuscripts have been published in relation to this work, these form the

core chapters of this Doctoral Thesis:
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• Chapter 2: Engineering Incipient Slip Into Surgical Graspers to Enhance Grasp

Performance. Ian Waters, Ali Alazmani, and Peter Culmer. IEEE Transactions on

Medical Robotics and Bionics. 2020 [76].

• Chapter 3: Incipient Slip Sensing for Improved Grasping in Robot Assisted Surgery.

Ian Waters, Lefan Wang, Dominic Jones, Ali Alazmani, and Peter Culmer. IEEE

Sensors. 2022 [77].

• Chapter 4: Encouraging and Detecting Preferential Incipient Slip for Use in Slip

Prevention in Robot-Assisted Surgery. Ian Waters, Dominic Jones, Ali Alazmani,

and Peter Robert Culmer. MDPI Sensors. 2022 [78].

• Chapter 5: Utilising Incipient Slip for Grasping Automation in Robot Assisted

Surgery. Ian Waters, Dominic Jones, Ali Alazmani, and Peter Robert Culmer.

IEEE Robotics and Automation Letters. 2022 [79].

A graphical outline of the relationship between these publications is presented in Figure

1.13. The chapters are listed in the chronological order in which the work was conducted,

although the publication dates don’t align with this due to particular journal deadlines.
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• Investigates the slip mechanics of various grasper face 

designs, and their behaviour when grasping soft, lubricated, 

deformable material, similar to biological tissue

• Two major slip phenomena where identified from these tests:

• A slip differential develops naturally between the front and 

rear of the grasper due to the deformable nature of the 

tissue.

• If a curved surface is used this creates a variation in normal 

force across the width of the grasper, creating areas of  

lower normal force towards the outer edges of the grasper  

which will slip preferentially, without negatively affecting 

the overall gripping performance.

• Presents the design of novel slip sensor, and its 

associated detection algorithms, that uses a tissue 

deformable properties to create detectable slip 

differentials between the front and rear of the 

grasper.

• Evaluates the efficacy of this sensing method and 

system for the early detection of slip across a range 

of tissue simulants and test conditions.

• Demonstrates the ability of the senor to automate the 

grasping action to help prevent slip, whilst reducing 

the grasping forces used.

Chapter 2 – “Engineering Incipient Slip Into Surgical Graspers to Enhance Grasp Performance” (Slip Mechanics)

Chapter 3 – “Incipient Slip Sensing for Improved 

Grasping in Robot Assisted Surgery” (Front to rear 

slip detection)

Chapter 4 – “Encouraging and Detecting Preferential 

Incipient Slip for Use in Slip Prevention in Robot-

Assisted Surgery” (Side to side slip detection)

• Presents the design of novel slip sensor, and its 

associated detection algorithms, that uses a curved 

grasper face to encourage preferential incipient slips 

to occur towards the outer edge of the grasper, which 

can then be detected.

• Evaluates the efficacy of this sensing method and 

system for the early detection of slip across a range 

of tissue simulants and test conditions.

• Successfully demonstrates the sensors ability to 

detect slip early when grasping porcine liver tissue 

samples.

Chapter 5 – “Utilising Incipient Slip for Grasping Automation in Robot Assisted Surgery” (Grasping automation 

utilising side to side method)

• Details the development of a closed loop control 

system, utilising the side to side slip sensor, to 

automate the grasping action to try and prevent tissue 

slip whilst minimising the grasping forces utilised.

• The automated grasper was able to achieve similar 

grasping performance to using the maximum grasp 

force, whilst applying less grasping force during the 

early stage of  the retraction. The system was able to do 

this over a range of tissue simulants of varying 

stiffness, and for a variety of retraction speeds.

Figure 1.13: Diagram displaying the relationship between the chapters and publications
presented within this thesis.
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Chapter 2

Engineering Incipient Slip Into Surgical

Graspers to Enhance Grasp

Performance

Preface

This chapter was published as the journal paper:

Engineering incipient slip into surgical graspers to enhance grasp performance. Ian Wa-

ters, Ali Alazmani, and Peter Culmer. IEEE Transactions on Medical Robotics and

Bionics. 2020.

Sections 2.1 through 2.5 constitute the main body of this publication, whilst the appendix

provides details on the selection of the grasper face pattern, and additional results on the

influence of various parameters on the development of slip. This paper investigates the

slip mechanics of deformable tissue like materials, to better understand how tissue slips

during retraction, and how the design of the grasper can be utilised to influence tissue

slip.
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2.1. Introduction

Abstract

The surgical community has long reported the need for improved control of surgical

graspers when handling delicate soft tissues, both to avoid the over application of force

which leads to trauma, and to avoid tissue slip. The majority of research has sought to

mitigate these issues through the integration of force feedback into the graspers. In this

work we investigate an alternative strategy in which the grasper design is engineered to

create preferential localised slip, also known as incipient slip, on the premise that this can

be detected before the onset of macro slip, allowing graspers to use the minimum force

required to maintain stable control.

We demonstrate the ability to encourage incipient slip in a predictable and repeatable

manner through the design of the grasper face profile and pattern. This provides an

important foundation for the development of sensing systems capable of detecting these

slips during surgery to improve operative outcomes.

2.1 Introduction

Robotic surgical devices provide significant improvements for procedures in Minimally

Invasive Surgery (MIS), but the lack of haptic feedback is still considered a major issue

by surgeons. Robotic surgical devices mechanically separate the surgeon and the patient,

completely denuding the surgeon of their sense of touch. This leads to issues with the over

application of force, limited grasp control and an inability to palpate tissue to identify

abnormalities [1; 2].

Over application of force has been identified as a major issue within robotic and laparo-

scopic surgery causing up to 55% of consequential errors in surgical trainees [2]. The lack

of haptic feedback means the surgeon is fully reliant on visual cues to estimate the mag-

nitude of applied forces, which are insufficient for force regulation, resulting in increased

tissue damage [3]. Equally, the use of too little force is also a common occurrence where

as many as 17% of grasping actions fail as a result of tissue slip [4], which could lead to
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the occurrence of adverse events during surgery.

Figure 2.1: Diagram of surgical grasper and the various grasper face designs investigated.
Top: Control ("All Hex"). Middle: Convex. Bottom: Centre Hex. The colour map
shows an example of the relative displacement of tissue across a convex grasper face due
to incipient slip, prior to macro slip occurring.

Efforts to improve grasping performance have predominantly sought to use haptic feed-

back strategies in which sensors provide force information to the surgeon. For example,

King et al. [5] measured force at the grasper jaws with an array of capacitive sensors,

which then relayed this information to the surgeon via small pneumatic balloons in con-

tact with the surgeons fingers, this was found to reduce the mean force applied during

grasping by 58%. However, such strategies increase cognitive loading on the surgeon, in-

creasing the risk of fatigue and operative errors [6]. Automation can help to mitigate this

effect, one approach to this is to automate grasp force using predetermined ’safe zones’

[7]. Whilst this method has been successful it is constrained by the need to predetermine

appropriate tissue-specific limits.

Less prescriptive approaches have been developed which look to detect tissue slip at the

grasper interface. Burkhard et al [8] used thermal sensing to detect slip at the grasper

face. In trials on porcine samples tissue slip could be detected after less than 2mm of
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displacement. Similarly, Jiang et al. [9] developed a slip sensor using hexagonal micro

structures on the surface, coupled to a piezoelectric substrate, to detect vibrations arising

due to surface movement. However, these approaches rely on ’macro slip’ in which the

whole surface is moving before mitigating action can be taken, which risks a loss of grip

stability.

An alternative strategy is to sense the occurrence of incipient slip, the small localised

slips which occur prior to the onset of macro slip. This phenomenon helps human fingers

detect slip [10] and has been exploited by the wider robotics community to improve

object manipulation [11; 12]. The majority of such systems use biomimicry of the human

finger to encourage incipient slip, using curved finger-like surfaces to create a normal force

distribution under contact [11], whilst others use pillars to produce stepped changes in

the normal force [13]. However, the application of this phenomenon is limited in surgical

manipulation, with the only example of its use looking to monitor change in stiffness as

an indicator of incipient slip [14].

We propose that if conditions can be created to promote incipient slips in a predictable

and repeatable manner, these can be detected and mitigated prior to macro slip and a

loss of grip occurring. Ultimately this offers the opportunity for closed-loop grip control

independently of predetermined usage thresholds. In this paper we therefore investigate

the efficacy of using incipient slip as the basis for monitoring and controlling surgical tis-

sue manipulation. Informed by the basic mechanics of slip, we develop different grasper

profiles designed to encourage preferential slip behaviour. These are evaluated experi-

mentally using simulated soft tissues to determine the potential for using this technique

in applied surgical contexts.
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2.2 Methods

2.2.1 Background

Our concept is based on a biomimetic strategy of preferentially promoting incipient slip

at targeted regions of the contact surface [10], achieved through appropriate mechanical

design of the grasper jaw. Slip mechanics is thus critical to inform the grasper design.

The development of a slipping contact has two key phases, incipient slip and macro slip

[15]. Incipient slip occurs when local shear forces exceed the local friction forces, leading

to localised relative displacements between two contacting points on the surface, while the

body as a whole remains static. Then macro slip occurs when the total shear force begins

to exceed the total friction force at the contact, and the two contacting bodies move

relative to each other [15]. Thus to encourage incipient slip there must be a variation in

the frictional force between adjacent points across the contacting surface.

2.2.2 Grasper Design

From Amontons’ Laws of Friction two key methods of encouraging preferential incipient

slip were identified;

(a) Through variation of the normal force via changes to the grasper profile or,

(b) Through varying macro surface features to vary the Coefficient of Friction (CoF).

Informed by preliminary work which explored a wide array of potential jaw configurations,

a set of jaw profiles were selected to correspond with each method, together with a

representative control surface (Fig. 2.1). The control ("All Hex") uses an array of

hexagonal pillars (0.75mm width and height) to create a ’patterned’ high friction surface

similar to a toothed grasper. To vary the distribution of normal force a shallow convex

profile ("Convex") was used (radius 50.5mm) with the same hexagonal pattern across the

face. To vary the CoF, a flat grasper face was used with a central 8mm strip of hexagonal

patterning and smooth borders on either side ("Centre Hex").
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The three grasper designs were fabricated using a 3D printer (Form 2, Formlabs) from

solid plastic resin (Rigid Resin 1L, Formlabs) at ×2 scale to enable visualisation of slip,

such that each contact face was 20mm×30mm.

2.2.3 Experimental Setup

A test rig was developed to provide a controlled simulation of tissue grasping and re-

traction, as shown in Figure 2.2. A linear load tester (Instron 5940, Instron) controlled

retraction motion, whilst a pneumatic cylinder (MGPM20TF-75Z, SMC) was used to

clamp a tissue simulant between the grasper face and an optically clear acrylic sheet

at constant load. An electro-pneumatic regulator (ITV1030,SMC) was used to control

clamping pressure, regulated with an embedded control system (MyRIO, National In-

struments). The system was pre-calibrated against a load cell. To monitor the slip of the

tissue simulant a video extensometer (AVE2, Instron) was positioned behind the acrylic

plate, recording images at a rate of 50Hz, whilst the retraction force was measured using

a 500N Load cell on the load tester.

The tissue simulant was fabricated from three layers of silicone elastomer (Ecoflex 00-30,

Smooth-on), each 1mm thick, with a reinforcement mesh embedded between each layer

to represent the gross mechanical and strain-limiting characteristics of human tissue [16],

this was done using the film application technique from [17]. Samples were laser cut (VLS

3.50, Universal Laser Systems) in 20mm×100mm strips. A speckle pattern was then

applied to the outer layer using black enamel spray paint for motion tracking. Surfactant

lubricant was applied to the sample surface prior to each test to represent the serous fluid

that coats most organs and provide representative surface adhesion characteristics [18].

2.2.4 Experimental Parameters

A set of test conditions were defined to emulate surgical practice; a 20N compression force

was applied to simulate the pressure range used during surgical grasping [19] combined

with a retraction speed of 5 mm/s [20]. In each test, the clamping force was slowly applied
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Figure 2.2: Schematic of the control system used for the simulated grasping environment.

to the tissue before retracting the tissue by 30 mm using the load tester. 5 repeats were

carried out for each test condition investigated.

2.2.5 Analysis Method

Digital Image Correlation (DIC) was used to track the displacement, and thus slip, of

the tissue simulant. Data from the video extensometer was processed using DIC software

(GoM Correlate, GoM), enabling the displacements in x and y of a grid of 35 points to

be extracted for each video frame. Results were analysed up to the onset of macro slip

(defined as when all points had moved >0.05mm).

To characterise the incipient slip we determined the distortion of the tissue as the relative

displacement between points. Both local distortion (δLocal) and general distortion (δGen)
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Figure 2.3: Image displaying the grid of 35 dots used for tracking the displacement, with
the major metrics used for the calculation of local and general distortion marked on, as
well as the relevant equations.

were calculated to monitor relative slip across the width of the grasper, and between the

front and back edges respectively. Local distortion was based on the difference between

the maximum and minimum displacement of points along each of the front three lines,

and general distortion was calculated from the average displacement of the lines (ȳLine n)

at the front and back edge of the sample (Fig. 2.3).

2.3 Results

Results from the study are presented in Figure 2.4 which shows the average local and

general distortions for the three grasper faces under nominal conditions after 5 repeats.

It is evident that both methods of promoting incipient slip are effective with respect to

the control surface when looking at local distortion. However, the Convex profile yields

significantly more local distortion, and thus incipient slip across the width of the grasper.

The magnitude of the general distortions just prior to macro slip is significantly higher

than that observed for local distortion, particularly for the All Hex and Convex graspers,

indicating that greater relative slip occurs between the front and back edge than across
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the width.

The mean CoF (at the onset of slip) was calculated for each grasper profile to assess

their overall grip stability with respect to the high friction control. This gave CoFs of

µAll_Hex = 0.33, µConvex = 0.31 and, µCentre_Hex = 0.14, indicating that changing profile

from flat to convex had little effect but the addition of low friction sections impaired grip

stability.
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Figure 2.4: Affect of grasper design on the level of incipient slip, indicated by the magni-
tude of tissue distortion. The colour maps show typical y displacements for each grasper
face. (a) Local Distortion. (b) General Distortion.

Figure 2.5 shows a typical temporal slip response for the Convex grasper face. The plot

shows six lines representing the displacement of the left, right and central points at the

front and back edges of the grasper face. These show an increasing displacement between

the front and back edge of the profile, reaching ca. 0.5mm prior to macro slip. Similarly,

the relative displacement across the width increases, showing a difference between central

and outer sides reaching ca. 0.15mm when macro slip starts after 1 second. The All Hex

grasper has a similar response but for the Centre Hex pattern macro slip occurs far earlier,

after only 0.2 seconds, indicating lower grip stability.
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Figure 2.5: Typical response for displacement over time of the central and outer points
for Lines 1 and 7 of the Convex grasper face. Colour maps show how the y displacement
of the whole face changes over time.

2.4 Discussion

The results of this study demonstrate that incipient slip can be promoted in contact

conditions representing a grasper contacting soft tissue. It is interesting to note that the

incipient slip manifests both between the front and back edges, and across the width,

with respect to the direction of pull (see Fig. 2.1). Prior to macro slip, both grasper

profiles exhibited significantly higher general distortion, indicating greater incipient slip

between the front and back edges due to the natural slip progression of the elastomer

(Fig. 2.4). This indicates that sensing slip differentials between the front and back edges

of a grasper face may be preferable to maximise the time required to effect mitigating

action. For this configuration, the Convex and All Hex profiles provide the greatest slip

differential, likely due to their high CoF slowing the propagation of the slip front along

the grasper.

Both spatial and temporal characteristics of the incipient slip are important when consid-
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ering how they could be exploited in a potential sensing system for tissue manipulation.

A sensing configuration would be required with sufficient spatial sensitivity to detect the

displacement differential which indicates incipient slip. This initial study indicates that

sub millimetre sensitivity would be necessary. Similarly, based on the temporal devel-

opment of slip (Fig. 2.5) and DIC framerate, a sensing frequency of 60+ Hz would be

required, although it is noted that this will also be a function of retraction speed.

The work presented here is intended to show proof of principle, demonstrating the po-

tential for using incipient slip as a mechanism to sense, and thus avoid, macro slip during

grasping. Accordingly, this work focuses on a narrow set of experimental conditions based

on preliminary testing. Our ongoing research aims to investigate and characterise the ef-

fect of a wider range of factors, including aspects of natural tissue variability, grasper

profile and surface design and the operating conditions (e.g. lubricants). These findings

will be used to inform the design of a macro slip sensing system which utilises incipient

slip and is optimised toward soft tissue interaction.

2.5 Conclusion

his pilot work shows that it is possible to induce incipient slip in a predictable manner

using variation of both surface profile and surface features. Of these methods, surface

profile variation was found to be more effective. Incipient slip was observed across the

width, and between the front and back edges, but the greater general distortion observed

suggests that sensing incipient slip between the front and back edges of the grasper has

the most virtue. Importantly, this can be achieved without compromising the overall grip

stability of the grasper.

The next stage of research is to exploit this fundamental mechanism of preferential in-

cipient slip within a sensing system that monitors local shear forces. This will inform the

selection and development of transducer technology capable of detecting incipient slip

with a sufficient resolution and speed that mitigating action can be taken before gross

tissue slip.
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2.6 Appendix

Selection of grasper face pattern

The hexagonal pattern selected for the gripping surface, based on [21], is not representa-

tive of the typical saw tooth pattern that is utilised on the majority of robotics surgical

graspers. However, this pattern was selected for two main reasons:

The use of the hexagonal pattern makes it possible to vary the density of the hexagonal

pillars across the grasper face, as a method for varying the coefficient of friction across

it. For this experiment the Centre-Hex grasper just used a combination of pillars and

no pillars to vary the CoF, but for future experiments this pattern selection offered the

possibility of being able to easily tune the CoF for the different grasper sections.

Traditional saw tooth graspers are significantly anisotropic, they provide a strong resis-

tance to shear force acting along the length of the grasper, but minimal resistance to any

lateral movements [22]. The hexagonal pattern instead provides an isotropic gripping

surface. An area of future research will be to investigate the influence of non-parallel

retractions, utilising an isotropic pattern allows the effects of the rotation and lateral slip

on the sensor performance to be evaluated, without the grasper pattern design skewing

the results.

This isn’t the first time a hexagonal pillar array has been utilised on a surgical grasper.

Chen et al [22] investigated the use of a variety of different shaped micro pillars, on the

scale of approximately 100 microns, to try and improve the grip of surgical graspers,

and reduce tissue damage, using bioinsipred designs based on tree frog toe pads. They

found hexagonal and diamond shaped micro pillars provided a significant improvement

in the coefficient of friction for sliding in both lateral and longitudinal directions, when

compared to traditional saw toothed graspers [22]. Although this work utilised micro

pillar arrays, research by Norton et al. [21] demonstrated that larger hexagonal macro

pillars of up to 750 microns still provided a very effective grip for biological tissue.
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Parametric study

The following work builds on the results reported in Section 2.3 by exploring the perfor-

mance and slip mechanics of the grasper faces under a wider range of grasping forces,

retraction speeds, and material stiffnesses.

Method

A parametric study was performed on two of the three grasper faces to investigate how

variations in force, speed, and material stiffness influence the development of tissue slip

for the different grasper designs, see Section 2.2 for a complete description of the designs

and test methods. The Centre Hex grasper was excluded from this study as the significant

decrease in the CoF of the contact made it unsuitable for use in surgical grasping. For this

study a single variable was altered whilst all other variables remained at their nominal

values, see Table 2.1 for a summary of the range of variables used. The results for the

local and general distortions from the parametric study are presented in Figure 2.6, 5

repeats were carried out for each test condition.

Table 2.1: Experimental Parameters.

Material (Elastic Modulus) Compression Force Retraction Speed

Mat A* (241 kPa) 10 N 2 mm/s

Mat B (320 kPa) 20 N* 5 mm/s*

Mat C (610 kPa) 30 N 10 mm/s

*Indicates nominal test conditions.

Results

From the parametric study it is clear that the variation of stiffness had the most significant

effect on the induction of incipient slip, with increasing stiffness significantly decreasing

the levels of distortion observed in both directions. As the stiffness of the simulant

increases its response will tend towards that of a rigid body, at which point incipient slips

will no longer be present as the whole of the surface will move simultaneously.

Variation of force also influenced the occurrence of incipient slip both across the width
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Figure 2.6: Influence of grasper design on the level of incipient slip, indicated by the
magnitude of both local and general tissue distortion. Affect of: (a) Variation in force,
using Mat A with a 5 mm/s retraction speed. (b) Variation in speed, using Mat A with
a 20 N clamp load. (c) Variation in tissue simulant stiffness, with a 20N clamp load and
5 mm/s retraction speed.
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and along the length of the grasper, with a higher normal force resulting in higher levels

of both local and general distortion. This occurs as the increase in normal force results

in a higher level of mechanical engagement between the grasper and tissue, increasing

the friction and slowing the rate of slip propagation, whilst the retraction speed remains

the same. Therefore any tissue that has already slipped will experience a greater level

of displacement and distortion before macro slip does occur, as it occurs later in the

retraction.

For variations in speed the incipient slip across the width appears unaffected, with min-

imal change in the local distortion, indicating that slip across the width is independent

of the retraction speed. The general distortion however does show a decrease when the

speed increases from 2 mm/s to 5 mm/s, though this then levels off by the 10 mm/s re-

traction. This could be because the increased retraction speed increases the relative rate

of slip propagation, due to the higher momentum of the retraction movement, reducing

the amount of displacement that is able to occur before macro slip occurs. However,

further research is required to fully understand why this occurs between 2 mm/s and 5

mm/s but then not on the increase to 10 mm/s.
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Chapter 3

Incipient Slip Sensing for Improved

Grasping in Robot Assisted Surgery

Preface

This chapter was published as the journal paper:

Incipient Slip Sensing for Improved Grasping in Robot Assisted Surgery. Ian Waters,

Lefan Wang, Dominic Jones, Ali Alazmani, and Peter Culmer. IEEE Sensors. 2022.

Sections 3.1 through 3.6 constitute the main body of this publication, whilst the appendix

details the sensor calibration process. This paper takes one of the phenomena identified

in chapter 2, that there is a slip differential between the front and rear of the grasper, as

a result of a tissue’s deformable properties, and utilises it to develop a slip sensor capable

of detecting incipient slip.
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Abstract

The limited grasping control available in Robot Assisted Surgery is considered a signif-

icant limitation of the technology. Traditionally the integration of haptic feedback has

been proposed to resolve this issue but has found limited adoption. Here we investigate

an alternate approach based on the concept of detecting localised slips caused by the in-

trinsic elastic properties of soft tissues. This method allows for the early detection of slip

so that mitigating actions can be taken before gross slip can occur, allowing the grasper

to minimise the force required to maintain stable grasp control. In this paper we detail

the design of a sensor developed to detect incipient slip by monitoring the relative differ-

ence in tissue movement at the front and back of the grasper, caused by tissue slip. We

then demonstrate the sensor’s efficacy for the early detection of slip, as well as its ability

to automate grasping under representative surgical conditions, with the automated case

providing comparable performance to one which uses the maximum allowable grasp force.

This work provides evidence that the slip detection methodology developed is consistently

able to detect incipient slip before macro slip occurs, thus offering a strong basis for its

use in automating surgical grasping tasks to avoid tissue trauma and slip.

3.1 Introduction

Robotic surgical devices have helped advance Minimally Invasive Surgery (MIS), with

the introduction of 3D vision, tremor removal, and improved dexterity all contributing to

improved surgical outcomes [1]. However the lack of haptic feedback is still highlighted as

a major limitation of the technology [1; 2]. Robotic surgical devices mechanically separate

the surgeon and patient, completely denuding the surgeon of their sense of touch, which

is already significantly limited by the tools used in MIS procedures. This can lead to

multiple issues including the over application of force, limited grasp control, tissue slip,

and an inability to palpate tissue to identify abnormalities [3; 4; 5].

The use of haptic feedback during tissue grasping tasks has been demonstrated to reduce

tissue trauma caused by crushing due to excessive grasping forces [6; 7; 8]. However it
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Figure 3.1: Concept of the slip sensor’s mechanical operation; the grasper face is separated
into movable islands that can be tracked to detect the difference in slip between the front
and rear of the grasper (The scale indicates the relative displacement of the colours used
in the diagram).

also increases the cognitive load on the surgeon, which could result in surgical errors [9],

and there is a paucity of knowledge on its ability to prevent adverse slip events, which

can delay surgery or lead to further complications [4]. We believe a more direct method

of controlling the grasping force, whilst maintaining grip security, would be through slip

monitoring and detection. If it is possible to detect the point in time when tissue starts

to slip, then the gripping force can be adjusted to use the minimum force required to

maintain stable control, reducing tissue trauma as well as the occurrence of slip events

during surgery. This method of control also opens up the possibility for automation of

grasping, allowing the surgeon to focus on more critical tasks [10].

Several notable examples of surgical graspers designed to detect slip have been reported.

Khadem et al. [11] created a system that automatically adjusts the clamping load based
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on the applied retraction force, aiming to remain within a predefined safe grasping zone,

however this requires prior knowledge of the slip behaviour of the grasped tissue. Burkhard

et al. [12] developed a method that aims to directly detect slip events, this uses a thermal

sensing technology that monitors changes in heat flux through the tissue as it slips. This

was able to detect slip after less than 2mm of gross tissue displacement in trials on

porcine tissue. Jones et al. [13] developed a force based slip sensor, using a two axis

soft inductive tactile sensor (SITS) to detect when the coefficient of friction first peaks

during tissue retraction to indicate when slip has occurred. The common feature of the

latter two approaches is that they aim to identify the time at which macro slip occurs,

which requires the whole tissue contact area to be slipping before mitigating action can

be taken, therefore risking a loss of grip stability. One possible solution to this is to focus

on exploiting and sensing the occurrence of incipient slips.

Incipient slips are localised slips that occur prior to the onset of macro slip [14]. In

incipient slip the total shear force is less than the total frictional force, but in localised

areas of the surface contact the local shear force exceeds the local friction, causing small

localised movements at the surface while the remainder of the contact remains static [14].

As more shear force is applied the number of incipient slip sites will increase, when the

total shear force exceeds the total frictional force the entirety of the contact will begin to

slip, otherwise termed macro slip [14].

The phenomenon of incipient slip helps human fingers detect slip before macro slips can

occur [15], and has already been utilised by the wider robotics community to improve

grasping [16], but currently has seen limited use in the field of surgical manipulation, or

the grasping of deformable materials. Stoll and Dupont [17] looked to monitor changes

in tissue stiffness as an indicator of incipient slip, but the method only measured global

rather than local shear forces, and so would provide minimal time for mitigating actions

to be taken.

The majority of incipient slip sensors developed by the wider robotics community use

curved finger like surfaces to encourage incipient slip [16; 18; 19]. This curved surface
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results in a variation in the normal force across the surface, creating areas of high and low

friction which lead to slips occurring preferentially towards the edge of the contact, where

the normal force is low [16]. Despite using similar methods to encourage incipient slip a

range of different sensing methods and modalities are used to detect it (e.g. vibration,

shear force, normal force distribution and optical tracking), for a detailed summary of

these see the review by Chen et al. [16]. We have previously produced an incipient slip

sensor, for use with soft tissues, that utilises the variation of the normal force to induce

predictable incipient slip events, which were monitored using a localised measurement

system [20].

Our aim is to develop and evaluate an instrumented grasper face for detecting incipient

slips before macro slip occurs. In section 3.2 we present the sensing concept and detailed

design of the sensor system, before evaluating its efficacy over a range of operating con-

ditions in Section 3.3. A case study is then presented in Section 3.4 to demonstrate the

concept’s feasibility for use in grasping automation. This work can then form the basis

for a grasping system capable of automating grasping and force control within surgery,

through the detection of incipient slip events.

3.2 System Development

3.2.1 Concept

The concept underpinning this work aims to exploit the deformable nature of soft tissue

to create detectable levels of incipient slip. Although the majority of incipient slip sensors

utilise variations in normal force to encourage incipient slip, they are generally attempt-

ing to grasp rigid objects [16], whereas many tissues in the human body are typically

compliant and highly deformable. Therefore as tissue is retracted by a surgical grasper

it stretches, creating a tensile force which is resisted by the friction at the grasper face.

When the tensile shear force exceeds the frictional force the tissue at the front of the

grasper will start to slip, allowing it to stretch and deform, causing the tensile force to

then propagate along the grasper face to the adjacent section of tissue [21]. This leads to
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a propagation of slip, followed by tissue deformation, along the grasper face, resulting in

a difference in the relative tissue displacement at the front and rear of the grasper (Fig.

3.1).

Our concept is based on monitoring the difference in local tissue displacement that occurs

between the front and rear of the grasper, created by the propagation of slip along its

length. To achieve this the grasper’s surface is separated into multiple sections or ’islands’

that can move independently of each other, similar to those we utilised previously [20].

As the tissue is retracted the tensile force applied to the front island causes it to move

forward with the tissue, until the shear force acting between the tissue and island exceeds

the frictional force, at which point the island’s displacement will halt as the tissue slips.

The tension will then propagate through to the next island, as the front island is no

longer maintaining a secure grip, resulting in the occurrence of displacement and then

slip at each subsequent island (Fig 3.1). Consequently by tracking the displacement of

the islands it is possible to detect when the tissue first slips against the front island,

whilst the other islands maintain a stable control of the tissue. The novelty of this sensor

system is the way in which it harnesses the deformation inherent in soft tissues to create

measurable levels of incipient slip, which can be detected before the onset of macro slip.

3.2.2 System Design and Fabrication

A scaled demonstration of a surgical grasper (Fig. 3.2) was developed to evaluate this

concept. This consists of three islands distributed along the length of the grasper that

can move independently of each other, with sensors positioned beneath the front and rear

islands to track their displacement. Each island consists of a 3D printed rigid gripping

surface (Rigid 4000 Resin, Formlabs), with a 1 mm layer of silicone elastomer (Ecoflex

00-30, Smooth-on) underneath to allow them to move freely. The grasper was scaled

up from a standard surgical grasper to allow for improved characterisation and analysis

of incipient slip, and its associated mechanics. A regular hexagonal pattern (0.75 mm

height, width and separation) was applied to the surface of the grasper as this provides

isometric frictional properties, which can easily be varied through altering the pattern
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density [21; 22].

To monitor the relative displacement of the islands tri-axis SITS sensors were selected

due to their thin form factor, and the ability to tune their resolution to suit the desired

application [23; 24]. These utilise the eddy current effect to detect the movement of a

conductive target over a set of sensing coils. Eddy currents are induced within the con-
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ductive target by an alternating current passing through the coils, in turn this produces

a magnetic field which opposes the original field of the coils, causing a change in their

inductance (Fig.3.2). The variation of this inductance across a set of four coils can then

be used to determine the position and movement of the target above them [23].

The SITS sensors utilised consisted of four 5mm square coils each consisting of 3 layers of

coils with a 0.1 mm pitch, a 0.1 mm trace width, with 10 turns per layer, whilst a copper

disc (8 mm diameter × 0.8mm) embedded in the base of the rigid gripping surface was

used as the conductive target. A 0.15 mm layer of PET film was placed above the coils to

protect them from any fluid ingress (Fig. 3.2). To measure their change in inductance a

four channel inductance to digital converter chip was used (LDC1614, Texas Instruments).

For more information on the design and operation of these sensors see [24; 23]. The sensors

were monitored and controlled via a microcontroller (Teensy 3.6, PJRC) using the I2C

serial protocol.

3.2.3 Data Processing

To calibrate the SITS sensors a multi axis sensor calibration rig was employed [24],

this moves the conductive target over each set of four coils using three linear stages,

monitoring its displacement in x,y and z via a set of encoders. A 3D scanning operation

was carried out with z stepped in 0.2 mm increments from z=-0.6:1.2 mm, and a grid

scan was conducted between y=-3:3 mm and x=-1:1 mm at each z level, where {0,0,0}

represents the position of the target in its unloaded ’neutral’ position.

A neural network was implemented to determine the sensor displacement (D) from the

inductance values (I) of the four coils,

Dx,y,z = f(I1,2,3,4) (3.1)

using the Matlab neural net fitting toolbox (Matlab, Mathworks). The neural net con-

sisted of a two-layer feed forward neural network with 15 neurons in the hidden layer,
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with the Tanh function used as the activation function, and the Levenberg-Marquardt

back propagation algorithm as the training method, these were selected based on prior

research [24]. Validation of this model against a separate data set showed a high correla-

tion with the output of the neural net, with root mean squared errors of 0.043 mm, 0.050

mm and 0.064 mm, in x, y and z respectively.

3.2.4 Slip Detection

In the context of this paper incipient slip refers to the condition when at least one of

the islands is found to be slipping against the tissue, while the remaining islands retain a

stable grip. With the current sensor design the whole of the island’s contact area must be

slipping against the tissue for slip to be detectable at that island. During retraction this

will always occur at the front islands first due to the way shear forces, and the resultant

slip, propagate from the front to rear of the grasper, as detailed in Section 3.2.1.

To be able to identify the time at which incipient slip starts to occur at the front sensor an

algorithm was developed using initial trial data (See Fig. 5), an example trace is shown

in Figure 3.3. This algorithm was focused on detecting slip during grasper retraction

as this is considered the most challenging case, when tissue is most likely to slip during

surgery due to the higher shear forces being applied.

From Figure 3.3 it can be observed that an incipient slip event occurs at the front island

around the 4 second mark, indicated by the plateauing of the displacement, suggesting

the island is no longer moving with the retracting tissue. As the front sensor begins

to slip the rear sensor then starts to take up tension, indicated by its rapid increase

in displacement after the incipient slip event occurs at the front island, as the tension,

deformation, and slip propagate from the front to the back of the grasper.

By calculating the change in the separation between the front and rear islands, as shown

in Figure 3.3, a clear peak appears when the front island starts to slip against the tissue.

This peak occurs because as the front island starts to slip, the rear islands start to take

up tension (due to the slip propagation along the grasper), thus reducing the separation
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Figure 3.3: Example trace showing the displacement of the front and rear sensor islands,
as well as the change in the separation between the two. Test conditions: Mat A, 20 N
clamp load, and 2 mm/s retraction speed.

between the front and rear islands after this point. To automatically identify the time

at which this peak occurs, and therefore incipient slip, the differential of the change in

separation between the two sensors was defined as,

S =
d(∆yFront −∆yRear)

dt
(3.2)

where S is the rate of change in separation, and y is the displacement in the direction

of shear of the front and rear sensors. A third order Butterworth filter with a cut off

frequency of 5 Hz was then applied to attenuate noise. When the mean value of the rate

of change of separation measured over a 0.1 s period first becomes less than 0, indicating

a peak, incipient slip of the front island is considered to have occurred, where t = n is

the current time. This algorithm was developed at a sample rate of 100 Hz.

[S]

t=n

t=n−0.1
< 0 (3.3)
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3.3 System Evaluation

To evaluate the performance of the sensor to identify incipient slip prior to macro slip

a test rig was developed, this simulates the clamping and retraction of tissue under

representative surgical conditions. A typical test involved clamping the tissue between

the sensored grasper face and a flat surface, at a constant fixed load, before retracting

the tissue in a direction parallel to the grasper face along its length for 30 mm, to ensure

that the tissue enters the macro slip regime.

3.3.1 Experimental Set Up and Analysis

An adaption of the test rig from [21] was used to create a controlled simulation of sur-

gical grasping and retraction (Fig. 3.4). This consists of a linear load tester (Instron

5940, Instron) for tissue retraction, and a pneumatic piston (MGPM20TF-75Z, SMC) &

(ITV1030,SMC) regulator to simulate grasping under a constant load. The retraction

distance and global shear force were logged via the linear load tester, whilst the SITS

sensors were monitored via the microcontroller. All data logging and control was man-

aged and synchronised between the linear load tester and the microcontroller using a

real-time embedded control board (MyRIO, National Instruments), with a sample rate

of 100 Hz. Tissue simulants were clamped against a clear acrylic plate with a camera

(AVE2, Instron) positioned behind it, this captured images at a rate of 50 Hz for use

in tracking the displacement of the tissue simulant through Digital Image Correlation

(DIC).

3.3.2 Data Analysis

The time macro slip occurs can be identified by monitoring when the global shear force

acting on the tissue starts to plateau, as this indicates the tissue is fully slipping against

the grasper, preventing further increases in the tensile force of the tissue. To calculate

the time of macro slip the differential of the global shear force (FS), measured by the
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Figure 3.4: Model of the testing setup used for simulating the clamping and retraction
of tissue.

linear load tester, was used to identify when the shear force starts to level off.

[
dFS

dt

]t=n

t=n−0.1

< 0.025Vs, (3.4)

When the rate of change of force, averaged over the previous 0.1 s, is less than 0.025

times the retraction speed (Vs), macro slip is indicated to have occurred.

The time difference between the point of macro slip and the point that incipient slip

is detected was then calculated, this gives an indication of the available time to take

mitigating action, termed the mitigation time (Fig. 3.3).

For validation of the actual magnitude of displacement and slip that is occurring between

the tissue simulant and grasper face, the displacement of the tissue simulant was tracked

using images from the camera and DIC software (GOM Correlate, GOM). The average

displacement of the tissue grasped by the the front, central, and rear grasper islands

during the initial clamping action was tracked throughout the retraction, in the direction

of shear.
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3.3.3 Experimental Parameters

To analyse the sensor characteristics a set of operating parameters were defined based on

those used in typical surgical practice. The major variables identified were the clamping

force, retraction speed, and material stiffness.

A clamping force range of 10-30 N was selected as this approximates the applied pressure

range of a standard surgical grasper [25; 26], and a retraction speed range of 1-5 mm/s

was used, based on standard laparoscopic retraction speeds for tissue manipulation and

grasper retraction [27].

Due to the inherent variability with using biological tissue samples a range of tissue

simulants were developed to vary the material stiffness in a more repeatable manner.

Three different tissue simulants were created that mimic the tensile properties of liver

tissue [28]. The simulants consist of 3 layers of silicone elastomer (Ecoflex 00-30, Smooth-

on) with different fabrics sandwiched between each layer of silicone to vary the elastic

modulus (E), whilst maintaining similar frictional and compressive properties. Material

A (Mat A - E = 241 kPa) and B (Mat B - E = 320 kPa) used 2 & 4 layers of a

lightweight netted spandex respectively, whilst Material C (Mat C - E = 610 kPa) used

2 layers of a higher density woven spandex. These simulants were fabricated using the

silicone applicator from [29] to form a 3 mm thick sample, with the fabric layers placed

0.3 mm below each surface, these were then laser cut into 20 mm x 100 mm strips. To

allow tissue displacements to be tracked using DIC a speckle pattern was applied to one

side using enamel spray paint, with a very thin 0.05 mm layer of silicone applied on top

to prevent delamination of the pattern. A layer of surfactant lubricant was applied to

the surface of the simulants before each test, simulating the serous fluid that coats most

organs [30]. To calculate the elastic modulus of the three different simulants ATSM D412

Type C tensile specimens were evaluated on a linear load tester.
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Figure 3.5: Graphs showing average sensor displacement, with the shaded area repre-
senting the standard deviation. The vertical dotted lines indicate the time incipient slip
occurs, while the solid vertical line indicates the time of macro slip, the shaded areas
around each show range of slip times/displacements. a) Sensor displacement vs time for
changes in force and material stiffness at a retraction speed of 2 mm/s. b) Sensor dis-
placement vs linear stage displacement (retraction distance) for variations in retractions
speed for Mat A under a 20 N clamping load.
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3.3.4 Results

Figure 3.5 (a) provides a summary of the average displacement measured by the sensors

under the front and rear islands, for variations in the material stiffness and clamping

force. Early signs of incipient slip are identifiable in the majority of cases, indicated

by the plateauing of the front sensor’s displacement, followed by a rapid increase in the

displacement of the rear sensor island. The exception to this is the 10 N load case for

the high stiffness material, Mat C, where both front and rear take up tension and then

slip almost simultaneously.

The results for the influence of varying retraction speed on sensor displacements are

shown in Figure 3.5 (b), these are plotted against the displacement of the linear stage to

normalise the x-axis scale for the different retraction speeds. In all test cases the front

island clearly slips before the rear island, allowing for reliable early detection of incipient

slip. Despite large variations in the retraction speed, the retraction distance at which

incipient and macro slip occur shows minimal change.
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Figure 3.6: Graphs showing the mean time difference between the detection of incipient
and macro slip (N=5), the error bars indicate the standard deviation. (a) Variation
of force and material stiffness at 2 mm/s retraction speed. (b) Variation of speed and
material stiffness at 20 N clamp load.

A summary of the effects of the clamp force, material stiffness and retraction speed on

the available mitigation time are provided in Figure 3.6. In all cases where incipient slip
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Figure 3.7: Graphs show the average tissue displacement at the front, central and rear
islands measured using DIC. The dotted line indicates the point of incipient slip while the
solid line indicates macro slip. Colour maps show displacement profiles, 1 is the point of
incipient slip, 2 is midway between incipient and macro slip, and 3 is the point of macro
slip (a) Mat A, 20 N, 2 mm/s. (b) Mat C, 20 N, 2 mm/s.

is reliably detected there is at least a 1.3 s gap between incipient slip detection and the

occurrence of macro slip. Retraction speed was found to be inversely proportional to the

mitigation time, with a doubling of retraction speed resulting in a 55% reduction in the

available time. The variation in force appeared to have no significant effect on mitigation

time (once incipient slip was detectable) for Mat A & C, however, for Mat B increases in

clamp load resulted in significant increases in mitigation time. Material stiffness had the

most significant effect on mitigation time, comparing Mat A and Mat C (to exclude the

influence of force in Mat B), a 2.5 times increase in the material stiffness from Mat A to

Mat C results in a 73% reduction in the available mitigation time for the 20 N load case

and a 71% reduction in the 30 N case.

The tissue displacement characteristics measured using the DIC system are presented in

Figure 3.7. These show how the average tissue displacement under the islands varies over

time for both Mat A and Mat C. Data is shown from the start of retraction until macro

slip has occurred. In addition, the spatial displacement distribution across the grasper

face at key time points is shown as a series of colour maps.

During the early stages of retraction there is a gradual increase in tissue displacement at
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the front of the grasper, whilst towards the rear the tissue motion is significantly lower.

As the retraction progresses, slip propagates along the length of the grasper, leading

to increases in the magnitude and rate of tissue displacement under successive grasper

islands. This continues until the point of macro slip, when the full contact area of the

grasper begins to slip, after which all three islands move at the speed of retraction. For

the low stiffness material (Mat A) this process of slip propagation is gradual, with the

front tissue showing significant displacement (and so slip) before movement is observed at

the rear of the grasper. The stiffer tissue (Mat C) displays more rapid slip propagation,

with tissue displacement evident at the rear of the grasper by the time that incipient slip

is detected at the front island. Comparing these responses at the point of incipient slip,

the tissue at the rear of the grasper has moved 0.12 mm and 0.60 mm for Mat A and

C respectively, whilst the front had displaced 1.05 mm (Mat A) and 1.46 mm (Mat C),

clearly highlighting how a slip differential develops along the length of the grasper face

during retraction.

3.4 Case Study: Automation

To investigate the efficacy of using the presented incipient slip detection technique for

automating grasping a case study was conducted. A simple algorithm was created that

applies an initial clamping load of 10 N, and then scans for incipient slip event using

the algorithm detailed in Section 3.2. When incipient slip is detected the clamp force is

increased by 5 N, the system then pauses for 1 s to allow the clamp force to be applied,

and then starts the scan operation again, it carries on stepping the force up to a maximum

of 30 N. The maximum and minimum force used were based on those from the previous

set of tests, while the 5 N step was selected to ensure that propagation of the slip front

is prevented by the step increase, whilst still providing a range of graduations between

the maximum and minimum force.

The analysis was carried out with a retraction speed of 1 mm/s using Mat A as the

tissue simulant. These parameters were selected as they provide a large time window
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Figure 3.8: Variation in shear and clamp loads for automated and fixed load control
methods. The black vertical lines indicate the times of macro slip for each case. Mat A
with a 1 mm/s retraction speed.

for mitigating action to be taken, and allow for a consistent and repeatable detection of

incipient slip, events even at low forces, providing optimal conditions for successful slip

detection and mitigation. To assess the capability of the automated slip mitigation system

it was compared to a case in which a fixed 30 N clamping load was applied throughout

the retraction, to evaluate its performance against the maximum clamp load scenario.

The variation in shear force over time in the automated and 30 N load cases show a

strong correlation with each other, despite the large differences in the clamping load

being applied throughout the retraction (Fig. 3.8). Both control methods also produced

a similar time to macro slip, with a time of 27.90±0.1 s for the automated case and

29.26±0.24 s for the constant 30 N load case. They also required similar shear loads to

induce macro slip, with peak loads of 9.64±0.15 N and 8.84±0.21 N, for the automated

and constant 30 N load cases respectively.

To provide an indicator of the potential for tissue damage to occur, as a result of grasping,

the applied impulse was calculated, as both the magnitude of the force and the time over

which it is applied have an influence on the level of tissue trauma observed [31]. The

impulse was calculated by integrating the clamp force over time up to the point of macro
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slip. The 30 N load case exhibited an average impulse of 879.18±7.46 N.s, while the

automated control method exhibited approximately 23% less impulse at 677.8±3.5 N.s.
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Figure 3.9: Comparison of tissue displacement for automated and fixed load control
methods. Test carried out on Mat A with a 1 mm/s retraction speed. (a) Average
displacement of tissue under the front, central and rear islands (b) Colour map showing
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The results for the tissue displacement observed using DIC (Fig. 3.9(a)) indicate that

there is more tissue displacement at the front of the grasper in the automated case, as the

tissue slips against the sensor, with up to 1.5 mm more displacement than in the fixed 30

N load case. However, the displacements of the central and rear islands maintain a much

higher correlation between the two control methods throughout the full retraction. Some

of the additional displacement observed at the front is the result of tissue compression

during the step changes in clamp load, rather than the tissue slip, this is indicated by

the step change in displacement at the points that the step change in clamp load occurs

(Fig. 3.9(a)). The colour maps in Figure 3.9(b) show a similar pattern, with the tissue

slip and subsequent displacement propagating slightly faster in the automated test case.

3.5 Discussion

This work demonstrates that by utilising the deformable nature of the grasped material,

it is possible to reliably encourage detectable levels of preferential incipient slip in de-

formable materials, that are similar to biological tissue. The grasper and sensor system
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developed were able to sense the onset and progression of incipient slip under a range of

representative surgical conditions, with a sufficient time window for mitigating actions to

be implemented before macro slip occurs.

The sensor technology and associated slip detection algorithm showed high reliability

when grasping lower stiffness materials (Mat A & B), accurately identifying when incip-

ient slip occurs at the front island, across the full range of clamp forces (Fig. 3.5). For

the high stiffness material (Mat C) the system was able to detect incipient slip consis-

tently in the higher clamp load cases, however for the 10 N case the algorithm produced a

false positive, indicating incipient slip had occurred after approximately 1 s, even though

displacement of the front sensor had not started to plateau. In this case the front and

rear sensors take up tension and then slip almost simultaneously, rather than the gradual

propagation from the front to rear of the grasper observed in the other cases. This is

because the tissue behaviour tends towards rigid body motion as the stiffness increases,

so slip propagates more rapidly from the front to rear, acting on each sensor island almost

simultaneously. Similar behaviour can also be observed for the high stiffness 20 N & 30

N load cases, where there is significantly less delay between the front and rear islands

taking up tension compared to the lower stiffness materials, however the slip prorogation

is still slow enough for incipient slip to be reliably detected (Fig 3.5).

Despite low forces making the detection of incipient slip challenging, once it becomes

possible to detect incipient slip, further increases in clamp load didn’t significantly affect

the available mitigation time, for either Mat A or C (Fig. 3.6). This is because the

increase in clamping force delayed the occurrence of both incipient and macro slip by a

similar amount, maintaining a similar mitigation time (Fig. 3.5). However Mat B appears

to react differently to changes in clamp load, with increases in force providing progressive

increases in the available mitigation time (Fig. 3.6). The point at which incipient slip is

first detected increases by a similar magnitude to Mat A for each step increase in clamp

force, but the point of macro slip is much more delayed (Fig. 3.5). Further investigation

is required to understand the cause of this behaviour.
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Variations in the material stiffness also significantly affected the available mitigation time.

This was particularly evident for the high stiffness material, Mat C, its increased stiffness

caused a significant decrease in the available time (Fig 3.6). As stated earlier this is due

to the transition towards more rigid behaviour, with the slip propagating through the

material much quicker, significantly reducing the time at which macro slip occurs, and

resulting in minimal delay between slip at the front and rear islands (Fig. 3.5).

The variation of retraction speed had minimal effect on the ability of the system to

detect incipient slip (Fig. 3.5), but a significant effect on the available mitigation time

(Fig. 3.6). This is because variations in the retraction speed don’t affect the shape or

amplitude of the sensor displacement curves, but instead scales them along the time axis,

as shown when plotting them against the linear stage displacement (Fig. 3.5). The points

of incipient and macro slip occur at approximately the same linear displacement for all 3

retraction speeds, whilst the mitigation time scales inversely with retraction speed, with

a doubling in retraction speed resulting in approximately half the available mitigation

time.

The displacement characteristics of the islands as measured by the sensors (see Fig. 3.5)

correlate with those measured by the DIC system up to the point incipient slip is detected.

The absolute magnitude of displacement differs between the measures because the DIC

reports the average displacement of the tissue under the whole island, whereas the sensor

movement is dependent on the tissue movement at the rear of the island (the last contact

point to slip).However, the overall characteristics show agreement and support the premise

on which this technique is based, that tissue propagation occurs progressively from the

front to the rear of the grasper during retraction.

The case study into the automation of the grasping action further demonstrates the

efficacy of the methodology and system developed for the early detection of tissue slip,

and demonstrates that it could be an effective means of automating the grasp control,

and reducing the applied gripping force, helping to reduce tissue trauma. The automated

control system was able to detect the occurrence of tissue slip at the front island, and
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increased the clamp load to prevent it, limiting the rate of slip propagation to a similar

level observed for the max load case (Fig. 3.9). This resulted in comparable grasping

performance, with similar times till macro slip, and similar peak shear forces required to

induce it, whilst reducing the impulse and applied clamp forces during the earlier stages

of retraction (Fig 3.8), limiting the probability of tissue trauma [31].

Several factors were identified within this laboratory-based work that require further

investigation, prior to translation into surgical practice, since they may introduce uncer-

tainties which affect the performance of this technique:

• Size: the current prototype is scaled-up and would need a 50-100% reduction in size

to meet the size of typical robotic surgical graspers. The magnitude of this scale

change is unlikely to impact on the incipient slip mechanics between tissue and

grasper which are central to this sensor. However, it will be significantly more chal-

lenging to construct an instrumented multi-island grasper face at this scale, without

recourse to alternative manufacturing techniques, an area of ongoing research.

• Tissue properties: the incipient slip sensing method presented here does not require

knowledge of the mechanical properties of a grasped tissue to detect slip. However,

mechanical factors that affect the rate of slip propagation across the grasper face

will determine the sensitivity of the system and its ability to act as a slip ’early-

warning’ system. In addition, biological tissues exhibit significant heterogeneity in

comparison to the simulants presented here. Accordingly, it will be important to

evaluate a range of biological tissues to determine appropriate operating regimes in

both mechanical terms (e.g. stiffness, lubrication regime, viscoelasticity) and the

clinical focus (e.g. tissue types).

• Surgical use: in this study, surgical grasping was simplified as controlled uniaxial

retraction between parallel grasper faces. In reality, surgical manipulation is more

complex, involving additional lateral motion and rotation of the grasper, together

with pivoted ’scissor action’ jaws. Determining the impact of these factors on slip-

sensing performance will require additional study focused on grasper kinematics.
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• Automation: in this study, the algorithm used to automate grasping operates in

isolation. Translation towards surgical use will require integration of these aspects

into the control scheme of the surgical robot. This has the opportunity to enhance

the slip detection and prevention algorithm, by providing it with additional con-

textual information from the robot system (e.g. grasper position, speed, and visual

cues). Ultimately, while the progression of autonomy in surgical robotics must be

pursued with caution, enhanced grasping control has the potential to operate trans-

parently to the surgeon, in a similar fashion to anti-lock braking systems that are

now a common and invaluable feature of the modern car.

3.6 Conclusions and Further Work

In summary, the slip detection methodology, and associated sensing system, detailed in

this paper are capable of providing significant improvements in the early detection of

incipient slip when grasping deformable materials, well before macro slip occurs. This

allows for mitigating actions to be taken automatically to prevent slip events, and main-

tain stable control of the tissue, whilst reducing the applied grasping forces. However,

this method of slip detection is limited to applications involving softer more deformable

materials, as higher stiffness materials produce less clear slip differentials between the

front and rear of the grasper, especially in low force cases due to the high rate of slip

propagation.

Further work is now required to fully understand the range of biological tissues for which

this method would be suitable. In addition work is required on developing the sensing

technology utilised to miniaturise it so that it can be suitably integrated within a stan-

dard surgical grasper. However, this body of work provides strong evidence that the

developed sensing methodology is capable of providing significant improvements towards

the automation of slip detection and force control in surgical robotics, minimising the

occurrence of tissue trauma and adverse tissue slip events.
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3.7 Appendix

Sensor calibration method

This appendix expands on the information provided in Section 3.2.3, to provide more

detail on the calibration of the SITS sensors utilised in the sensored grasper for detect-

ing incipient slip. The sensors were calibrated using a multi axis calibration rig (Fig.

3.10) that consisted of three linear translation stages (MTS50-Z8, Thorlabs Inc.), each

controlled by a DC servo motor controller (KDC101, Thorlabs Inc.), providing a travel

range of 50mm along each motor axis, with a minimum repeatable increment of 0.8 µm,

and maximum speed of 2.4 mm/s.

Copper target

SITS sensor

Figure 3.10: Configuration of the multi-axis sensor calibration system. Adapted from
[24]

The copper target of the SITS sensor was then attached to the end effector, as shown in

Figure 3.10, positioned centrally over the four coils of the sensor. Calibration data was

then gathered by carrying out a 3D sweep of the target above the sensor, with z stepped

in 0.2 mm increments from z=-0.6:1.2 mm, and a grid scan conducted between y=-3:3

mm and x=-1:1 mm at each z level, where {0,0,0} represents the position of the target

in its unloaded ’neutral’ position. A neural network was implemented to determine the
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Figure 3.11: Graphs showing comparison between the output of the trained neural net-
work and the displacement measured by the calibration rig in x,y and z for the validation
data set for the SITS sensor.

sensor displacement (D) from the inductance values (I) of the four coils, by comparing

them to the position data gathered from the three stages of the calibration rig.

Dx,y,z = f(I1,2,3,4) (3.5)

The Matlab neural net fitting toolbox (Matlab, Mathworks) was used to train the neural

network, with the inductance values as the input and the calibration rig measurements as

the target outputs. The neural net consisted of a two-layer feed forward neural network

with 15 neurons in the hidden layer, with the Tanh function used as the activation func-

tion, and the Levenberg-Marquardt back propagation algorithm as the training method,

these were selected based on prior research [24].

Another sweep was then conducted to gather a set of validation data to ensure that the

neural network was capable of producing accurate and reliable results for data sets it had

not previously been trained on, but that were within the same measurement scope as the

training data. A comparison between the neural networks output and the displacement
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measured by the calibration rig is presented in Figure 3.11, the neural net and calibration

rig data showed a high correlation with each other, with root mean squared errors of

0.043 mm, 0.050 mm and 0.064 mm, in x, y and z respectively. The x data does show

an occasional significant spike, and variation from the calibration rig value, this occurs

when there is a change in the direction of the y stage, where the sensor is towards the

limits of its working area. Further investigation is required though to understand if this

is the result of backlash in the motor causing a shift in position, an error with the neural

net, or the result of the sensor design. However, the y data, which is most critical for this

application as this is the direction of shear, and therefore slip, shows a much smoother

correlation between the neural network and calibration rig.
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Chapter 4

Encouraging and Detecting Preferential

Incipient Slip for Use in Slip

Prevention in Robot-Assisted Surgery

Preface

This chapter was published as the journal paper:

Encouraging and Detecting Preferential Incipient Slip for Use in Slip Prevention in Robot-

Assisted Surgery. Ian Waters, Dominic Jones, Ali Alazmani, and Peter Robert Culmer.

MDPI Sensors. 2022.

Sections 4.1 through 4.6 constitute the main body of this publication, whilst the appendix

details the sensor calibration process. This paper details the development, and evaluation,

of a sensor based on one of the phenomena identified in chapter 2. The sensor employs

the fact that through varying the normal, and thus frictional, force across the grasper it

is possible to encourage incipient slip to occur towards the outer edge, which can then be

detected by monitoring the displacement of separate movable sensor islands.
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Abstract

Robotic surgical platforms have helped to improve minimally invasive surgery, however

limitations in their force feedback and force control can result in undesirable tissue trauma

or tissue slip events. In this paper we investigate a sensing method for the early detection

of slip events when grasping soft tissues, which would allow surgical robots to take miti-

gating action to prevent tissue slip and maintain stable grasp control, whilst minimising

the applied gripping force, reducing the probability of trauma. The developed sensing

concept utilises a curved grasper face to create areas of high and low normal, and thus

frictional, force. In the areas of low normal force there is a higher probability that the

grasper face will slip against the tissue. If the grasper face is separated into a series of

independent moveable islands, then by tracking their displacement it will be possible to

identify when the areas of low normal force first start to slip, whilst the remainder of the

tissue is still held securely. The system was evaluated through the simulated grasping

and retraction of tissue under conditions representative of surgical practice, using silicone

tissue simulants and porcine liver samples. It was able to successfully detect slip before

gross slip occurs with a 100% and 77% success rate for the tissue simulant and porcine

liver samples respectively. This research demonstrates the efficacy of this sensing method,

and the associated sensor system, for detecting the occurrence of tissue slip events during

surgical grasping and retraction.

4.1 Introduction

Although robotic surgical devices have helped improve surgical outcomes in Minimally

Invasive Surgery [1], their limited force control still remains an issue, especially when

manipulating soft biological tissues [1; 2]. The lack of haptic feedback, due to a physical

separation between surgeon and patient, can result in tissue trauma due to the over

application of gripping forces, or result in tissue slip due to insufficient grasping [3; 4].

One of the main solutions identified in literature to limit tissue trauma, caused by ex-

cessive grasping forces, is the inclusion of force sensors and haptic or visual feedback of
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Figure 4.1: Diagram demonstrating the concept of encouraging incipient slip across
grasper face through the variation of normal force using a curved surface.

the grasping force information to the surgeon. Although this method has been shown to

reduce tissue trauma [5; 6; 7], it requires constant monitoring by the surgeon, increasing

their cognitive load [8]. Furthermore, it only provides information on the forces that

are being applied, not whether the tissue is being held securely. A more direct method

for controlling grasping forces is through the identification, and early detection, of slip

events. If the onset, or precursor phenomena, to slip can be identified, then the clamp

force can be adjusted automatically to prevent further slip. This could allow the surgical

robot’s grasper to use the minimal force to maintain a stable grasp of the tissue, helping

to reduce tissue trauma, whilst still allowing for reliable and controlled manipulation of

the tissue.

Research into grasper systems has identified several that aim to detect or predict the

occurrence of tissue slip as the basis for an automated surgical grasper. Khadem et al. [9]

developed an automated surgical grasper which aimed to predict when slip was going to

occur based on prior experimentation, adjusting the clamping force relative to the current

retraction force to stay within a pre-defined safe grasping zone, limiting its application

to known and quantified tissues. Other systems have been developed to detect when

slip is occurring, rather than attempting to predict it. The most mature of these is
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that developed by Burkhard et al. [10], this sensor uses a technique based on hot wire

anemometry to monitor the variation in heat flux as an indicator of slip. This method

has been demonstrated to successfully detect slip for a range of biological tissues [10],

and has been utilised for the grasping automation of surgical instruments [8]. Another

instrumented grasper employed force sensors to detect the onset of slip by monitoring

the normal and shear force at the face of the grasper, and using these to calculate when

the coefficient of friction first peaks to indicate that slip is occurring [11].

Both of the slip detection sensors described above utilise a single sensing node, and thus

cannot identify localised slip behaviour across the grasper. As a result they are better

suited to detection of larger macro slips. Macro slips occur when the global shear force

exceeds the global frictional force across the contact, leading to the entirety of the contact

slipping [12]. The use of more localised sensing methods would allow for the detection

of incipient slips [13]; small localised slip phenomena which occur when shear forces in

a localised region exceed the corresponding frictional forces, causing local slip while the

remainder of the contact remains held securely [12]. As shear force increases the number

of these incipient slip events will increase until the global shear force exceeds the global

frictional force, at which point the surface enters a state of macro slip where the whole

of the contact area is slipping freely.

A key aspect of being able to detect incipient slip is being able to preferentially encourage

it to occur in a predictable and repeatable manner [13]. This strategy is utilised by the

human finger, which employs a curved surface to create a normal force distribution,

resulting in a frictional force distribution, leading to incipient slips occurring towards the

outer edge of the finger pad, whilst the middle is still gripping securely [14]. This method

of utilising the variation in normal, and thus frictional force distribution to encourage

preferential incipient slip, has been utilised significantly by the wider robotics community

[13; 15; 16], but has not yet been applied in the field of surgical grasping. An in depth

review of incipient slip sensors can be found in this recent review [13].

Other than our prior work, the only reported example of a sensor designed to detect
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incipient slip in surgery employs an approach that exploits the deformable nature of

human tissue, and monitors the change in material stiffness to estimate the first stages

of macro slip [17]. However this system only monitors the global shear forces rather than

trying to identify localised slips, resulting in only a short time window for mitigating

actions to be taken [17].

The aim of our research is to produce an instrumented surgical grasper capable of in-

ducing, and then detecting, preferential incipient slips before macro slip occurs, that is

applicable for a range of soft biological tissues, and would be compatible with current

surgical grasper designs. This sensor has already been demonstrated for the successful

automation of surgical grasping using tissue simulants [18]. In this paper we present

the sensor concept and design, before analysing its ability to reliably detect incipient

slip over a wide range of test conditions, representative of those used in surgery. Initial

experiments were conducted using a range of tissue simulants to define the slip detection

algorithm that was utilised in [18], and to evaluate it on a repeatable substrate. The

complete system was then applied to the grasping of porcine liver tissue to demonstrate

its efficacy for real world application in surgical grasping for the early detection of slip

when manipulating soft biological tissues.

This work builds on our prior work in the area [19; 18; 20], here our contribution is to

rigorously evaluate the ability of the system to detect slip under a wider range of clearly

defined test conditions for force, retraction speed and material stiffness. In this paper we

also extend testing to evaluate the system using porcine liver samples, providing a more

representative test of the system for use in the grasping of soft biological tissues.

4.2 System Development

4.2.1 Concept and Requirements

The foundation of this sensing approach is to induce localised incipient slip in a pre-

dictable and repeatable manner so that it can then be detected. To achieve this we have
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utilised biomimicry of the human finger [14], similar to other robotic graspers [13; 15; 16].

A convex curved grasper face is used to create areas of high normal, and thus frictional,

force in the middle of the grasper, with these forces gradually decreasing toward the edges

of the curved face, promoting tissue to slip first at the outer sections of the grasper [19; 18]

(Fig. 4.1). By separating the grasper into a series of independently moveable ’islands’,

then tracking the displacement of these islands during tissue retraction, it is possible

to detect when the edge sections start to slip relative to the middle of the grasper. In

the initial phase of a typical tissue retraction process, the shear forces will initially be

low, therefore friction forces are dominant across the grasper face and all of the islands

will grip the tissue securely. As retraction progresses, the shear force increases, and in

the areas of low normal and frictional force (towards the outer edge of the grasper) the

local shear force will exceed the local frictional force resulting in localised (incipient) slip,

whilst the middle will continue to maintain a stable grip of the tissue and move with it

(Fig. 4.1). This results in a differential in the relative displacement between the islands

at the edge and middle of the grasper, which can then be used as an indicator to the

presence of incipient slip of the outer islands.

4.2.2 System Design and Fabrication

A scaled model of a surgical grasper was created to evaluate the sensor concept. A curved

grasper face (r=100.25 mm) was separated into a 5×3 grid of moveable islands across

the width and length of the grasper (Fig. 4.2). The separation along the length, axial

to the curvature of the face, was to try and isolate the slip effects across the width, due

to the normal force variation, from those along the length of the grasper, caused by the

deformable properties of the tissue [19; 20].

Each island consists of a 3D printed rigid upper gripping surface (Rigid 4000 Resin,

Formlabs) to securely hold the tissue, with a 1 mm thick layer of silicone elastomer

(Ecoflex 00-30, Smooth-on) placed below to allow each island to move freely, allowing

for displacement differentials to occur between them (Fig. 4.2). The upper gripping

surface was patterned with hexagonal features (0.75 mm width, height and separation),
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to provide an isometric frictional performance that is suitable for the gripping of soft

lubricated biological tissues [19; 21].

To monitor the displacement differential between the outer and middle islands, neodymium

disc magnets (2 mm diameter × 0.5 mm thick) were embedded in the base of the rigid

upper gripping surface of the front left, middle, and right islands (Fig. 4.2). A tri-axis

Hall effect sensor (MLX90393, Melexis) was then placed below each of these islands to

track their displacement, through monitoring the movement of the magnetic field (Bx,y,z)

that occurs as the magnet moves above the sensor chip when a force (Fx,y,z) is applied

to the upper gripping surface, and the elastomer layer below deforms (Fig. 4.2). The

magnetic fields (Bx,y,z) can then be converted into a corresponding displacement based

on previously calculated sensor calibrations. These sensors were selected based on prior

work, that indicated they provide sufficient sensitivity for the detection of the slip differ-

entials that occur between the outer edge and middle of the grasper, with a sufficiently

compact footprint to fit three nodes across the width of the grasper face [19; 22], thermal

effects were considered negligible due to the minimal temperature variation within the

human body. These sensors were configured to sample the magnetic field at a frequency

of 408 Hz.

4.2.3 Signal Processing

To determine the relationship between the magnetic field and island displacement for

each sensor node, a custom three-axis sensor calibration system was constructed. This

was used to sweep a magnet in a 3D volume (covering x,y and z axes) above the Hall

effect sensor, with the magnet connected directly to the linear stage assembly to ensure

there is no slip, thus ensuring that the stage displacement corresponds to the resultant

magnetic flux. Full details of the instrumentation and process are detailed in [22]). The

sweep in the x-y plane was conducted from -2 to 2 mm at 0.2 mm/s for each step in z

(-0.65:1.25 mm in 0.1 mm increments), where {0,0,0} is the position of the neodymium

magnet centre when the island is unloaded and centred over the hall effect sensor. A

neural network (Matlab, Mathworks) was then trained to fit the magnetic field reading of
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the sensor to the displacements measured by the calibration system. This neural network

utilised a two-layer feed forward network [22], with 40 neurons in the hidden layer, and

was trained using a Bayesian regularization backpropagation algorithm, due to non-linear

relationship between displacement and magnetic field [22]. This neural network provided

a strong correlation with the validation data, with root mean squared errors of 0.029 mm,

0.025 mm and 0.018 mm, in x, y and z respectively. The output of the neural network

was post-processed using a third-order Butterworth filter with a cut off frequency of 10

Hz to attenuate high frequency noise.

4.2.4 Slip Detection

In the context of this sensing system, incipient slip is defined as the occurrence of slip

between the grasped tissue and at least one of the grasper islands, whilst the other islands

retain a stable grasp of the tissue. When using a convex curved grasper, as shown in (see
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Fig. 4.1) is used the incipient slip is expected to occur first at the outer islands of

the grasper. Accordingly, tracking island displacement and considering the differential

between outer and inner islands provides a means to identify when incipient slip starts

to occur at the grasper face. An algorithm was developed based on the results gathered

using three different tissue simulants, over the wide range of applied clamping loads and

retraction speeds (Fig. 4.5), to automatically identify the onset of incipient slip.

A typical response from this sensor system retracting a tissue simulant is presented in

Figure 4.3. This shows the variation of the displacement of the front left, middle, and right

islands throughout the full retraction. A similar response was observed across the full

range of test conditions investigated for the tissue simulants. During the initial stages of

the retraction, when the shear forces are low, the outer and middle islands move together

with the retracting tissue at the same velocity. However, as the shear force increases

with further retraction, the outer islands start to slip against the tissue due to the lower

normal and frictional forces at these points. This results in a decreasing velocity of these

islands as they slip more and more against the tissue, indicated by the plateauing of the

island’s displacement, whilst the middle island continues to grip the tissue securely and

move with it. Therefore by comparing the velocity of the left (Vl) and right (Vr) outer

islands to that of the middle island (Vm), it is possible to define the magnitude of the

relative slip differential between them. The ratio between the velocity of the middle and

outer islands is termed the slip ratio (ϕ), this algorithm has been used previously by

us for the automation of the force control during the grasping and retraction of tissue

simulants [18].

ϕ = min

[
Vl

Vm
,
Vr

Vm

]
(4.1)

If the velocity of the middle islands is positive, then a slip ratio (ϕ) = 1 indicates that

the outer and middle islands are moving at the same velocity, therefore there is no slip

occurring at the outer islands relative to the middle. However as the slip ratio (ϕ)

decreases the relative velocity of the outer islands is decreasing, due to an increasing
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amount of slip occurring between these islands and the tissue simulant. When the slip

ratio reaches 0 the outer islands are no longer moving with the tissue simulant as it

retracts, indicating the tissue is freely slipping against the outer island(s). Over the full

range of parameters investigated (3 tissue simulants, 3 clamp loads, 3 retraction speeds)

(Fig. 4.5), a ϕ value of 0.2 or less was found to be a reliable and robust indicator that

the outer islands were encountering a significant amount of slip relative to the middle,

without producing a false early indicator of slip, or resulting in slip being detected too

late for any mitigating actions to be taken. This algorithm is activate only once the

middle island has moved 0.02 mm in the direction of shear, to avoid false detection due

to signal noise (i.e. the retraction process must have started).

4.3 Materials and Methods

4.3.1 Experimental Set Up

A test rig was developed which simulates the grasping and retraction of tissue that occur

during robotic surgery, as shown in Figure 4.4, to evaluate the efficacy of the sensor in de-

tecting incipient slip events. The instrumented grasper face was attached to a pneumatic

piston (MGPM20TF-75Z, SMC) to grasp the tissue. The grasping force was controlled

via a pneumatic regulator (ITV1030,SMC) which had been pre-calibrated against a ref-
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Figure 4.4: (a) A schematic showing key components of the experimental system. (b) An
image of the experimental system used for simulating surgical grasping and retraction.
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erence load cell. A linear load tester (Instron 5940, Instron) with a pneumatic jaw was

employed to simulate the retraction motion of the grasper. The global shear force and

retraction speed were monitored via the linear load tester, whilst the array of Hall effect

sensors in the grasper were read via a microcontroller (Teensy 3.6, PJRC). A real-time

embedded controller (MyRIO, National Instruments) was then used to synchronise and

interface these systems to control the clamping and retraction motions, and record the

data at a frequency of 100 Hz. In addition, a camera (AVE2, Instron) was positioned

behind the clear acrylic counter face to record tissue movement at a frequency of 50 Hz.

4.3.2 Experiment I: Silicone Tissue Simulants

An initial assessment of the sensor system and slip detection method was conducted to

understand the sensor’s response to slip events and the underlying slip mechanics. This

was conducted using silicone tissue simulant to emulate the properties of soft tissues and

enable controlled and repeatable testing.

Three tissue simulants with different material tensile stiffness were used: Mat A (E =

241 kPa), Mat B (E = 320 kPa) and Mat C (E = 610 kPa). Each tissue simulant

comprises three layers of silicone elastomer (Ecoflex 00-30, Smooth-on) encapsulating

internal layers of strain-limiting deformable spandex fabric, located 0.3 mm below the

upper and lower tissue surfaces. The fabric layers were altered to vary tensile stiffness (as

detailed above) whilst maintaining consistent frictional and compressive characteristics

(1051 ± 60 kPa). After fabrication, the simulants were laser cut into 100 × 20 × 3 mm

test samples. A speckle pattern was applied on one face using enamel spray paint, to allow

the displacement to be tracked using Digital Image Correlation (DIC) (GoM Correlate,

GoM). A layer of surfactant lubricant was applied immediately prior to the test to mimic

the serous fluid coating commonly exhibited on soft tissues [23]. The material stiffness of

each sample was measured using the ASTM D412 Type C tensile method, their response

found to be similar to that of liver tissue [24].

Testing consisted of a simulated grasp process exploring factors of grasp load and retrac-
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tion speed. In each test, a fixed grasping load was applied to the tissue simulant and it

was then retracted at a constant speed for 30 mm. Grasping loads of 10 N, 20 N and 30 N

were evaluated, these were identified as representative of the grasping pressures observed

during surgical practice [25; 26]. Retraction speeds of 1, 2 and 5 mm/s were selected

based on those typically used for tissue manipulation [27]. 5 repeats were conducted for

each test case.

4.3.3 Experiment II: Porcine Liver

To evaluate the performance and characteristics of the sensor system in a more surgically

realistic configuration, a series of tests were conducted using ex vivo porcine liver samples.

To evaluate the performance and characteristics of the sensor system in a more surgically

realistic configuration, a series of tests were conducted using ex vivo porcine liver samples.

In these tests the same sensor and grasper design, as well as the slip detection algorithm

developed for the tissue simulants, was used to allow direct comparison with the tissue

simulants. The tests explored variation of clamp force, using the same configuration of 10,

20 and 30 N with a fixed retraction speed of 2 mm/s for all tests, as this is the average

speed used during manipulation tasks [27], and experiments with the tissue simulants

indicated speed had a very predictable and quantifiable influence on tissue slip, and

the rate of slip propagation. For each load condition two separate porcine livers were

analysed, with 5 test samples taken from each liver for a total of 10 tests at each load

condition. To prepare the samples the livers were sliced into thin strips with a nominal

thickness varying from 4-12 mm. The variability is the result of the soft and deformable

nature of the liver tissue making sample preparation challenging (in contrast to the high

tolerances achieved with fabricating simulants), however this provides a representative

reflection of the conditions expected in a surgical environment. A nominal 100 x 20 mm

rectangle was cut from each slice using a stencil and a scalpel, and was then immersed

in a saline solution to prevent drying providing a more representative sample [10]. For

characterisation of the material properties of each liver, three ASTM D412 Type C tensile
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specimens and one 100 mm x 20 mm compression specimen were cut from each liver. The

tensile moduli ranged from 482-1304 kPa with an average of 718 ± 223 kPa, comparable

to results seen in literature [24]. Some test pieces were excluded due to artefacts in

the sample (e.g.tears/holes in the tissue, material inhomogeneities) causing anomalous

results. The average compressive stiffness was 875 ± 159 kPa, however during the first

10% of compressive strain it was significantly less than this, in the range of 100-300 kPa,

similar to prior literature [28].

Each liver was retracted in the same manner as the tissue simulants; the specified clamp

force was applied followed by a 30 mm retraction of the tissue at 2 mm/s. Only a single

repeat was conducted on each liver sample to mitigate the effects of tissue damage caused

during the grasping and retraction process impacting on the response.

4.4 Results

4.4.1 Experiment I: Silicone Tissue Simulants

A summary of representative results for the tissue simulant testing is provided in Figure

4.5(a), showing the change in displacement of the sensor islands at the front left, middle

and right of the grasper throughout the retraction, as a function of the material stiffness

and applied clamping force. In all test cases, movement of the left and right sensor is-

lands plateaus in advance of the middle islands, indicating the left and right islands are

preferentially slipping as anticipated despite the significant variations in both clamp load

and material stiffness. The horizontal arrows on the graphs indicate the time difference

between the detection of incipient slip and the occurrence macro slip, termed the mitiga-

tion time (∆tmitigation), and the time differential between the detection of incipient slip

at one of the front outer islands and of the front middle island (∆tfront). Changes in

material stiffness had a significant influence on the available mitigation time, as did load,

though these effects are better summarised in Figure 4.6.

Figure 4.5(b) displays the effect of retraction speed on sensor performance, showing move-

98



4.4. Results

10 N

20 N

30 N

Mat A Mat B Mat C

0 5 10 15

Time (s)

0

0.05

0.1

0.15

0.2

0.25

0.3

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

0 5 10 15

Time (s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

Front Left

Front Middle

Front Right

M
at

A

1 mm/s 2 mm/s 5 mm/s

0 5 10 15 20 25 30

Linear Stage Displacement (mm)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

Front Left

Front Middle

Front Right

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

Linear Stage Displacement (mm)

Front Left

Front Middle

Front Right

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

S
en

so
r 

D
is

p
la

ce
m

en
t 

(m
m

)

Linear Stage Displacement (mm)

Front Left

Front Middle

Front Right

(a)

(b)

Figure 4.5: Graphs showing typical sensor displacements. The vertical dashed and dotted
lines indicate the time slip is first detected at the outer and middle islands respectively,
while the solid vertical line indicates the time of macro slip. The horizontal arrows
indicate the time difference between the detection of incipient slip and the occurrence
macro slip (∆tmitigation), and the time between the detection of incipient slip of one of
the front outer islands and the front middle island (∆tfront). (a) Sensor displacement
vs time for changes in force and material stiffness at a retraction speed of 2 mm/s. (b)
Sensor displacement vs linear stage displacement (retraction distance) for variations in
retractions speed for Mat A under a 20 N clamping load.
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Figure 4.6: Graphs showing the mean time difference (N=5) between: (a) Detection of
slip at the outer and middle grasper islands (∆tfront) for variation of force and material
stiffness with a 2 mm/s retraction speed. (b) Available mitigation time (∆tmitigation) for
variation of force and material stiffness with a 2 mm/s retraction speed. (c) ∆tfront for
variation of retraction speed and material stiffness with a 20 N clamp load. (d) ∆tmitigation

for variations of retraction speed and material stiffness with a 20 N clamp load. The error
bars indicate the standard deviation

ment of the respective islands with respect to the displacement of the linear stage retract-

ing the tissue in order to normalise the results along the x axis for the different retraction

speeds. From these results it is evident that the various stages of slip occur at similar

levels of retraction (e.g. movement of the linear stage), despite changes in the retraction

speed.

A summary of the effects of the variation in the material stiffness, clamping force, and

retraction speed is provided in Figure 4.6. These graphs compare how the different vari-

ables affect ∆tfront, and ∆tmitigation. For tissue simulants Mat A and Mat C the variation

in clamping force results in no significant change to the mitigation time. However, the

increase in clamp force from 10 N to 20 N did produce a significant increase in ∆tfront for
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Figure 4.7: Typical results for average tissue displacement at the front, middle and rear
of the grasper face measured using DIC. The vertical dashed and dotted lines indicate
the time slip is first detected at the outer and middle islands respectively, while the
solid vertical line indicates the time of macro slip. The colour maps show the change in
displacement profiles over time. (a) Mat A, 20 N, 2 mm/s. (b) Mat C, 20 N, 2 mm/s.

these two materials (Fig. 4.6(a)). For Mat B an increase in the clamping force resulted

in an increase in both ∆tfront and ∆tmitigation. The effects of retraction speed appear to

be inversely proportional to ∆tfront and ∆tmitigation, with a doubling in retraction speed

resulting in a 49% and 47% reduction in the time difference respectively.

Figure 4.7 shows representative results of tissue simulant displacement and deformation

during testing, as measured using DIC, for the 20 N, 2 mm/s retraction cases for Mat A

and C. This data shows how the displacement of the simulant varies between the front

and rear of the grasper during the retraction, providing an indication of the magnitude

of displacement that has occurred when incipient slip is first detected. For Mat A, when

incipient slip is first detected at the outer front islands, the simulant at the rear of the

grasper has moved only ca. 0.07 mm in comparison to ca. 0.49 mm at the front. For

the stiffer material, Mat C, slip is detected when there is approximately 0.27 mm and

0.65 mm of displacement at the front and rear respectively. It should be noted that

these measurements are taken from the face of the tissue simulant contacting the smooth

acrylic counter face, at which there will be lower friction than at the grasper face. While

this will result in more slip than occurs at the grasper contact, it provides a valuable

indication of the overall characteristics of tissue deformation.
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Figure 4.8: Graphs showing example sensor displacement for cases in which the early
detection of slip was successful for porcine liver samples for various load cases. The
vertical dashed and dotted lines indicate the time slip is first detected at the outer and
middle islands respectively, while the solid vertical line indicates the time of macro slip.

4.4.2 Experiment II: Porcine Liver

The ex vivo testing with liver tissue was completed successfully, with no occurrence of

tissue failure prior to gross slip occurring. Figure 4.8 provides a representative summary

of the results for tests in which incipient slip of the outer islands was successfully detected

for the three different clamp force conditions investigated. Across the full set of tests,

incipient slip was reliably identified in 77% of cases, with detection rates of 80%, 80%

and 70% for the 10 N, 20 N, and 30 N test conditions respectively.

As expected, in comparison to the tissue simulant experiment, there was significant vari-

ation between results in the ex vivo testing across the different liver samples. This is

due to the magnitude of variation between the samples in terms of thickness, material

properties and the presence of anomalies (e.g. non homogenous tissue containing features

such as blood vessels). This variability was responsible for a range of phenomena causing

unsuccessful attempts to detect incipient slip, as illustrated in Figure 4.9. 71.4% of un-

successful defections were the result of an uneven compression, or load application, across

the width of the grasper, whilst the simultaneous slip of all 3 islands (14.3%), and the lag

of one of the sensors causing the premature detection of slip (14.3%), were responsible

for the remaining failed detections. The occurrence of mechanical snagging, where tissue

catches on the islands and then releases rapidly, was seen in two cases, but the manner

in which it occurred didn’t affect the sensor’s ability to reliably detect slip.
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Figure 4.10: Graphs showing the mean time difference (N=10) between: (a) Detection
of slip at the outer and middle grasper islands (∆tfront). (b) Available mitigation time
(∆tmitigation). For variation of the clamp force with a 2 mm/s retraction speed. The error
bars indicate the standard deviation.

A summary of how the variation in clamp force affects the time between the detection

of incipient slip at the front outer and middle grasper islands, ∆tfront, as well as the

available mitigation time, ∆tmitigation, is shown in Figure 4.10. These values were only

calculated for the tests in which slip detection was considered successful. There is no

significant difference (p<0.05) between any of the load conditions investigated, this is

likely due to the high level of variability between liver samples masking any potential

trends.
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4.5 Discussion

The results presented in this work demonstrate that measuring preferentially-induced

incipient slip as a means to detect and prevent gross slip is an effective approach with

relevance to surgery. When grasping tissue simulants it was able to successfully detect

slip in 100% of cases, despite the large variations in test conditions (Fig. 4.5). For the

more challenging case of ex vivo porcine liver samples, slip was accurately detected in

77% of cases, despite still using the same algorithm and sensor developed for the silicone

tissue simulants. The decrease in successful detection was due to the variability in the

liver tissue samples compared to the silicone simulants.

The majority of slip detection failures that occurred when grasping the porcine liver

samples were the result of unevenness in the magnitude of tissue compression across

the width of the grasper, which led to poor mechanical engagement with at least one

of the outer sensor islands. This was usually due to either variation of the liver sample

thickness across the width of the grasper, or was the result of anomalies within the tissue,

e.g. holes, pits or tissue variation (Fat/liver tissue), which caused unexpected variations

in the normal force. In some cases this resulted in an asymmetrical slip that didn’t affect

the performance of the sensor significantly, but in others there was almost no engagement

between one of the outer sensor islands and the liver tissue (Fig. 4.9), resulting in these

islands slipping instantly when the retraction starts. However it may be possible to

mitigate this issue by monitoring the normal force exerted on each island during the

initial grasping, and using this to determine the level of mechanical engagement of the

different islands. The system could then determine which islands should be monitored for

the detection of incipient slip events. It is also possible that a smaller grasper face would

be less susceptible to anomalies and thickness variations in the tissue, though further

investigation is required to confirm this.

In addition to the uneven load distribution there were three further abnormal results

presented in Figure 4.9. The ’snagging’ issue occurred as a result of tissue artefacts,

like holes or tears in the tissue, catching on the sensor islands, leading to a catch and
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release of the tissue, and associated spikes in sensor displacement in contrast to the more

gradual changes that occur during a grip dominated by friction. For the other two issues

identified 4.9, the occurrence of simultaneous slip, and the lag in the displacement of one

of the sensor islands, based on the video footage of the slip it is clear that the sensor is

reporting the same motions that are occurring at the tissue-grasper interface, though the

root cause of this behaviour has not yet been identified.

Although the sensor system was able to successfully detect slip for the tissue simulants

in 100% of cases, across the full range of clamp forces, retraction speeds, and material

stiffnesses, there are still indications of potential limitations to the approach. Evaluation

of the effects of variation in clamp force for the tissue simulants (Fig. 4.5(a)) indicate

that at a low clamping force (10 N) there is little displacement of the left and right sensor

islands before they start to slip. This suggests that there is low mechanical engagement

between these outer islands and the tissue simulant due to the lower normal force. As the

clamping force increases the mechanical engagement also increases, this can be observed

by analysing ∆tfront, the time between slip at the front outer and middle grasper islands,

for Mat A and C (Fig. 4.6). When moving from 10-20 N ∆tfront increases, but then

there is no further increase when the load increase to 30 N, suggesting that there is a

minimum clamp force, and level of mechanical engagement, required to ensure that the

sensor islands can reliably engage with the tissue. The grasper design could be modified

to improve performance by altering the curvature of the grasper, and/or the stiffness of

the movable silicone below the upper gripping surface, to suite the desired application

and operating range. Mat B didn’t present the same behaviour to variations in the clamp

load, this is suspected to be due to the different manner in which the restraining fabrics

in this simulant are layered compared to Mat A and C, this differing performance of Mat

B was also observed in previous experiments [20].

For the porcine liver tissue, variation in clamp force didn’t appear to significantly affect

the ∆tfront (Fig. 4.10), this is likely due the higher tissue thickness and low compressive

stiffness which allowed for significant mechanical engagement between the liver sample

and the grasper islands over all three force conditions.
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There is significant variation in the available mitigation time, ∆tmitigation, for the different

tissue simulants. This is due to variations in the rate of slip propagation between the front

and rear of the grasper, with stiffer materials having a higher rate of slip propagation,

resulting in a shorter time available for mitigating actions to be taken before macro slip

occurs [20]. However, variations in material stiffness of the tissue simulants appeared to

have no significant effect on the sensor’s ability to detect slip of the edge islands relative

to the middle (Fig. 4.5(a)), or on ∆tfront for Mat A and C, across the full range of forces

and retraction speeds investigated (Fig. 4.6). This indicates that this slip detection

method is at least partly independent of the tensile material properties of the grasped

tissue, a highly desirable property for future deployment in surgical environments.

The long term aim of this work is the application of the sensing system within a surgical

robot. To make this viable requires addressing a number of challenges, recognised as

limitations in the current system:

• Grasper size: The instrumented grasper presented within this paper is approxi-

mately a factor of 2.5 times the size of a standard robotic surgical grasper. This

difference in scale is not expected to affect the fundamental slip mechanics which

form the basis for this sensing method. The variation of normal force to induce

incipient slip has previously been utilised for a range of conventional robotic grip-

pers [13], and the effect has even been observed to occur at the nanoscale asperity

level of contacts [12], indicating this phenomenon can be considered independent of

the scale of the contact in this application. However, scale remains an issue with

respect to manufacture. Recent advances in Hall-Effect sensor development will aid

development of more compact systems in the future [29].

• Tissue properties: The current sensor system and method have been demonstrated

to be effective at detecting incipient slip of porcine liver samples, despite the lack

of optimisation of the sensor design or detection algorithm for this target. This

indicates that the sensor system has some robustness to the material properties of

the grasped tissue. However further evaluation is now required to investigate the full
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range of tissues, and mechanical properties, for which this technique is applicable,

including variations in the size and shape of the tissue being manipulated.

• Surgical application: The grasping and retraction actions reported within this paper

are necessarily simplified in comparison to the manipulation movements which oc-

cur during actual robotic surgery. In a surgical environment, retraction can include

aspects of lateral and rotational movement. Standard surgical graspers also utilise

a scissor-like mechanism to grasp tissue, rather than the parallel action utilised

here. Further experimentation using a simulated surgical system is planned to eval-

uate how these aspects may affect the performance and robustness of this sensing

approach.

4.6 Conclusions and Further Work

In summary the slip sensing approach presented in this work has been demonstrated as an

effective way to detect the occurrence of incipient slip events for a variety of deformable

tissue-like materials, including porcine liver. The sensor shows robustness to variation in

the tensile stiffness of the material, though there are indications that tissue compressibility

and clamp load are factors that will affect the working range. A significant challenge

to address in future translation towards surgical use is the variability and anomalies

present within biological tissue which resulted in some detection failures. Solutions have

been identified to resolve these and in general this work shows the potential to use this

method to automate the surgical grasping of soft biological tissue. The focus of future

work is to scale down the sensor such that it can be integrated within a standard robotic

surgical system, and to optimise the detection algorithm to identify and mitigate for

tissue anomalies and variability.
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4.7 Appendix

Sensor calibration method

This appendix expands on the information provided in Section 4.2.3, to provide more

detail on the calibration of the Magnetic sensors utilised in the sensored grasper for

detecting incipient slip. The calibration rig set up was the same as described in the Ap-

pendix in Section 3.7 (See Fig.3.11), except the copper target is replaced by a neodymium

disc magnet (2 mm diameter × 0.5 mm thick), and the SITS sensor coils by a tri-axis

Hall effect sensor (MLX90393, Melexis).

A set of data was gathered to help calibrate the measurement of the hall effect sensor

to the displacement of the magnetic target. This was done using the three linear stages

of the calibration rig to conduct a 3D sweep, the magnetic target was moved in the

x-y plane from -2 to 2 mm at 0.2 mm/s for each step in z (-0.65:1.25 mm in 0.1 mm

increments), where {0,0,0} represent the position of the neodymium magnet centre in its

centred unloaded position.
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Figure 4.11: Graphs showing comparison between the output of the trained neural net-
work and the displacement measured by the calibration rig in x,y and z for the validation
data set for the magnetic sensor.
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This data set was used to train a neural network (Matlab, Mathworks) to fit the magnetic

field reading of the sensor to the displacements measured by the calibration system. This

neural network utilised a two-layer feed forward network [22], with 40 neurons in the

hidden layer, and was trained using a Bayesian regularization backpropagation algorithm,

due to non-linear relationship between displacement and magnetic field [22].

To validate this neural network a separate data set was then gathered using the calibration

rig to ensure that the neural network was accurate and repeatable with a data set that

it had not been trained on. A comparison between the output of the neural network and

the displacement measurements taken by the calibration rig are presented in Figure 4.11.

This neural network provided a strong correlation with the validation data, with root

mean squared errors of 0.029 mm, 0.025 mm and 0.018 mm, in x, y and z respectively.
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Chapter 5

Utilising Incipient Slip for Grasping

Automation in Robot Assisted Surgery

Preface

This chapter was published as the journal paper:

Utilising Incipient Slip for Grasping Automation in Robot Assisted Surgery. Ian Waters,

Dominic Jones, Ali Alazmani, and Peter Robert Culmer. IEEE Robotics and Automation

Letters. 2022.

Sections 5.1 through 5.5 constitute the main body of this publication, whilst the appendix

provides additional results for the DIC measurements. This paper continues the work

from chapter 4, on the development of a slip sensor that utilises variations in normal

force to induce incipient slip, to produce a closed loop control system, utilising this

sensor, that automatically adjusts clamping loads to prevent tissue slip, aiming to reduce

the force used to maintain stable grasp control.
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Abstract

Despite recent advances in modern surgical robotic systems, an ongoing challenge remains

their limited ability to control grasp force. This can impair surgical performance as

a result of either tissue slippage or trauma from excessive grasp force. In this work

we investigate a force control strategy to address this challenge based on the detection

of incipient slip. Our approach employs a grasper face whose shape is engineered to

encourage preferential localised slips that can be sensed using embedded displacement

sensors prior to gross slip occurring. This novel approach enables closed loop control of

the grasping force to prevent gross slip whilst applying minimal force. In this paper we

first demonstrate the efficacy of sensing incipient slip and then demonstrate how this can

form a robust closed loop grasping system to maintain stable control of tissue. Results

demonstrate that this approach can achieve equivalent grasping performance to a scheme

employing a fixed maximal grasping force while reducing tissue loading, and thus risk of

trauma. This provides the foundation for the development of automated surgical robots

with adaptive grasp force control.

5.1 Introduction

The introduction of robotic surgical devices has helped advance Minimally Invasive

Surgery (MIS) and has led to improved surgical outcomes [1]. However their limited

grasping force control while handling soft tissue remains an issue and is the cause of a

significant number of surgical errors [2; 3]. This can be due to either the over application

of force, leading to tissue trauma [2], or a lack of clamping load resulting in adverse slip

events during surgical procedures [3].

Haptic feedback of grasping forces has been demonstrated as a viable technique to min-

imise the occurrence of tissue trauma due to excessive clamping loads [4; 5; 6]. However

this requires the surgeon to continually monitor and maintain an appropriate applied

grasping load (neither too high nor too low), a task which is both challenging and can

incur an increased cognitive load [7]. An alternative strategy can be formed through in-
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spection of tissue movement at the grasper face, rather than the applied load. Specifically,

through the detection and monitoring of tissue slip, the clamping force can be adjusted to

use the minimum force required to prevent slip events from occurring, whilst minimising

the occurrence of tissue trauma. This control method also provides the opportunity for a

grasping automation method which is independent of tissue properties, helping to reduce

surgeon fatigue and allowing a focus on more critical higher-level tasks [8].

A range of approaches have been proposed for using slip as the basis for automated

surgical grasping. Using a predefined ’safe grasping zone’ allows regulation of grasping

force as a function of detected shear, aiming to use the minimum force required to prevent

slip [9]. However this requires tissue-specific safe zones to be prescribed, limiting clinical

utility. More adaptive approaches have utilised sensors embedded within the grasper

face to monitor tissue shear against it. Jones et al. [10] used a two-axis soft inductive

tactile sensor to monitor normal and shear forces at the grasper face, determining slip

as the point when the coefficient of friction first peaks. Burkhard et al. [11] developed a

novel slip sensing method using hot wire anemometer techniques to monitor changes in

heat flux through the tissue. The system was able to effectively detect slip during small

movements in tests on porcine tissue.

Slip events during grasping can be broken down into two stages; first incipient slip fol-

lowed by macro slip [12]. During incipient slip the total shear force across the contact is

less than the total friction force, thus overall the contact is held securely [12]. However

the friction force may vary in localised areas across the contact surface and where this

is exceeded by the shear friction then localised movement will occur, these are termed

’incipient slips’ [12]. As the total shear force increases these incipient slip events will

increasingly occur. When the total shear force exceeds the total friction the contact will

enter a macro slip regime and grip stability is lost [12].

The slip sensing approaches described above detect the occurrence of macro slip, and

so require a loss of grip control to occur before mitigating actions can be taken. An

alternative approach is to focus on the detection of incipient slip, allowing slip events to
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be identified early and grip control to be maintained throughout the retraction process.

Detection of incipient slip has been utilised by the wider robotics community for grasping

control, but has seen limited application in the field of surgical robotics or in the grasping

of deformable materials. The only example is reported by Stoll et al. [13] who developed

a system based on monitoring the global shear force to determine material stiffness, and

thus the early onset of macro slip. The technique was found to be effective but only

provides a limited time window in which to prevent macro slip.

In developing a sensor to detect incipient slip a key aspect is to encourage these local slip

events to occur in a consistent and repeatable manner [14]. Biomimicry of the human fin-

ger has been used by many as inspiration; typically employing a curved finger-like surface

to create a normal force distribution, and thus the corresponding variation of frictional

force, across the contact surface [14; 15; 16]. This approach has been demonstrated as a

viable method for encouraging the incipient slip of lubricated and deformable materials

similar to soft biological tissues [17]. Khamis et al. [18] investigated an alternative to

using a continuous curved surface to control friction forces, instead using an array of

stepped pillars to create discrete variations in height and thus normal force. Overall,

incipient slip sensors typically use similar methods for varying frictional forces across the

contact surface to encourage incipient slip, but they employ a range of sensing modalities

to detect the occurrence of these slips, including measurement of vibration, normal force

distribution, shear force magnitude, contact area or optical imaging, a detailed evaluation

of these is provided in a recent review by Chen et al. [14].

Our research aim is to build on the incipient slip sensing methods developed across the

wider robotics community for use within a surgical robotic system. This paper reports

the design of an incipient slip sensor system that employs a curved grasper profile to

encourage and detect the occurrence of incipient slip in deformable and lubricated tissue-

like materials. We then propose a method for the automated detection of incipient slip

events using this sensor and evaluate its ability to prevent the occurrence of gross slip

events under representative surgical conditions. The novelty of this work is the use

of incipient slip mechanics, in a physical sensing system, for early prediction (and thus
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avoidance) of gross slip during the grasping and manipulation of soft-tissue like materials.

This has particular relevance in the automation of surgical grasping.

5.2 System Development

5.2.1 Concept and Requirements

The core requirement of this sensing system was to induce measurable levels of incipient

slip in tissue during surgical grasping conditions. We approached this using a concept

which employs a curved grasping surface that is segmented into independently mobile

sections. The curved surface causes higher frictional forces to occur in the middle of the

grasper in comparison to the edges, thus encouraging slip to occur in the outer sections of

the grasper prior to the middle [17] as illustrated in (Fig. 5.1). Using this approach, it is

possible to detect incipient slip by measuring the relative displacement of the independent

’island’ sections. Consider a typical retraction movement; during the initial stages the

shear force is low and friction forces dominate, such that the outer and middle islands will

move together with the tissue. As retraction continues, shear forces will increase (e.g. by

pulling tissue), beginning to exceed frictional forces at the outer edges, thus tissue slip

will occur and the outermost islands will move less than the middle island. Consequently,

monitoring the differential relationship between the outer and middle island’s movement

provides the means to detect incipient slip.

5.2.2 System Design and Fabrication

To evaluate this sensor concept, a scaled prototype was developed and realised. Based on

preliminary work [17], a curved grasper face with a radius of 100.25 mm was separated

into a 5×3 grid of islands as shown in Figure 5.2, providing islands spanning the width

and length of the grasper face. Islands were separated along the length of the grasper to

isolate them from the effect of slip propagation between the front and back of the grasper

caused by the elastic properties of the tissue [17].
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Figure 5.1: Diagram demonstrating the concept of encouraging incipient slip across in-
dependently moveable sections of the grasper face through the variation of normal force
using a curved surface.

Each island comprises a 3D printed upper rigid face (Rigid 4000 Resin, Formlabs) to

provide the gripping surface, and a 1 mm thick silicone elastomer base (Ecoflex 00-30,

Smooth-on) to allow independent movement of the rigid face. The islands were then

attached to a PET film on a rigid base. The grasper faces featured a regular hexagonal

pattern (0.75 mm width, height and separation) to provide an isometric gripping surface

suited to soft deformable materials [17; 19].

Prior work characterised the mechanical behaviour of the system under representative

loading conditions and thus define the underlying sensor requirements [17]. The relative

difference in tissue displacement at the point of incipient slip between the outer and

middle of the curved grasper was found to lie within a range of 0.1-0.2 mm [17]. The

sensing elements also need to be sufficiently compact to fit across the width of the grasper.

To meet these requirements, a Hall effect based tactile sensing method was used. Each

element consists of a three-axis Hall effect sensor chip (MLX90393, Melexis) coupled with

a neodymium disc magnet (2 mm diameter × 0.5 mm thick) embedded in the base of

the grasper islands (see Fig. 5.2). When a force (Fx,y,z) is applied to the grasper face

the elastomer layer deforms such that the island’s gripping surface and magnet change
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position relative to the Hall effect sensor. The magnetic field at the sensor (Bx,y,z) can

then be calibrated and converted into a corresponding displacement. For more details on

the development of these tactile sensing elements see [20]. The array of sensing elements

in the grasper was interfaced to a microcontroller (Teensy 3.6, PJRC) using the I2C

protocol and recorded at a sample rate of 100 Hz.
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Figure 5.2: Dimensioned drawing of the grasper separated into 5×3 grid of independently
moveable islands, the grey circles indicate the positions of the sensing nodes (All dimen-
sions in mm). Section A-A: cross section across the width displaying the design of the
sensored and passive islands. Section B-B: Principle of operation of the sensing system,
displaying how the magnetic field moves through the Hall effect sensor as force is applied
to the island.
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5.2.3 Signal Processing

The sensors were calibrated using a custom three-axis sensor calibration system (detailed

in [20]), to conduct a volumetric positioning sweep, moving in the x-y plane (-2 to 2 mm

at 0.2 mm/s) for each z axis step (-0.65:1.25 mm in 0.1 mm increments) where {0,0,0}

represents the island in an unloaded ’neutral’ position. The measured magnetic field was

calibrated to displacement using a neural network implemented using the Matlab neural

net fitting toolbox (Matlab, Mathworks). A two-layer feed forward network configuration

was selected as appropriate to represent the system based on prior work using a similar

Hall effect sensor [20]. The overall network consisted of 40 neurons in the hidden layer

and used a Bayesian regularization backpropagation algorithm as the training method to

accommodate the non-linear relationship between magnetic field and displacement [20].

The trained neural network showed close correlation with validation data, with root mean

squared errors of 0.029 mm, 0.025 mm and 0.018 mm, in x, y and z respectively. A third

order Butterworth filter with a cut off frequency of 10 Hz was applied to the output of

the neural network to attenuate high frequency noise in the displacement data.

5.2.4 Slip Detection & Mitigation

In the context of this work, incipient slip is defined as the event when one or more islands

start to slip against the grasped tissue, whilst the majority maintain a stable grip. This

manifests as a movement differential between these islands which can be detected by

monitoring the displacement of the individual islands.

Applying these general criteria to the specific form of the instrumented grasper, detection

of incipient slip relates to the outer (left and right) islands slipping relative to the central

islands. This phenomenon is preferentially promoted through the curved design of the

islands across the grasper face (see Fig. 5.1) such that tissue at the outside of the grasper

has a higher probability of slipping compared to central regions (due to differing normal

loads) as increasing shear force is applied during retraction.

To automatically detect the presence of these incipient slips an algorithm was developed
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Figure 5.3: Example of typical displacement characteristics for the front left, middle and
right islands of the grasper under a 20N clamp load with a retraction speed of 2 mm/s
(using Mat C). The inset shows how variation of the slip ratio changes when incipient
slip of the edge islands is detected.

that is focused on the detection of slip during tissue retraction, when shear force is

increasing, as this represents a ’worst-case’ when slip is most likely to occur. Exploratory

testing was conducted to investigate the parameter space and understand the sensor

characteristics. Tests consisted of retracting a tissue simulant held by the sensor (with

a configuration as shown in Fig. 6) up to the point of macro slip across a range of

configurations consisting of: three clamp forces (10 N, 20 N, 30 N), three retraction

speeds (1 mm/s, 2 mm/s, 5 mm/s), and three levels of tissue stiffness (Mat A - 241 kPa,

Mat B - 320 kPa and Mat C - 610 kPa).

Figure 5.3 shows a typical example of the sensor response from these tests, revealing

the differing displacement of the three instrumented islands over the course of a tissue

retraction in which a simulant, Mat C, was grasped with a constant load of 20 N, and

retracted at a constant speed of 2 mm/s. Across the parameter space, the sensor system

showed this consistent general response: during the early stages of retraction (low shear

loading), the middle and side islands move together with the same velocity. As retraction
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continues, the shear force increases and the left and right outer islands (where normal

and thus frictional forces are lower) begin to slip against the tissue and their velocity

decreases. This continues until movement of the outer islands stops, indicating complete

slip against the tissue simulant in this region. Therefore, calculating the velocity (in the

direction of shear) of the left (Vl) and right islands (Vr) as a ratio of the velocity of the

middle island (Vm) defines their magnitude of slip with respect to the middle island. This

ratio was thus termed the slip ratio (ϕ).

ϕ = min

[
Vl

Vm
,
Vr

Vm

]
(5.1)

The physical embodiment of the slip ratio (ϕ) is presented in Figure 5.4. A slip ratio (ϕ)

at or approaching 1 indicates the side and middle islands are moving together and there is

no incipient slip. As ϕ decreases an increasing amount of relative slip is occurring between

the tissue and the outer islands with respect to the middle. When ϕ reaches 0 there is

no longer any motion of the outer island in the direction of shear, indicating that this

region is slipping freely against the tissue as it is retracted. Informed by these preliminary

investigations, ϕ < 0.2 was identified as a reliable threshold to signify incipient slip of

that island had occurred that was applicable across the full parameter space. This allows

for robustness to noise (e.g. due to measurement or environmental factors), together with

variability in the grasping conditions explored here.

A slip mitigation algorithm was developed based on the ϕ ratio, to adjust the grasping

force as a function of the actual slip ratio, termed ’ϕa’, and the retraction speed (a variable

available in surgical robotic systems). The algorithm is based on maintaining ϕa within a

desirable envelope in which the grip is ’stable’. The target slip ratio ϕT varies dependent

on the current state of the system, as shown in Figure 5.4 and defined in Equation 5.2,

where operating regions are defined around the incipient slip onset point of ϕ=0.2 with a

safety factor of 2. Thus, for ϕa < 0.4 the system should increase the grasping ’clamping’

force to prevent slip occurring, but when ϕa > 0.8 the system should reduce the grasp

force to minimise tissue trauma as at this slip ratio there is only minimal relative slip
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Figure 5.4: A schematic showing the grasping and slip regimes defined by ϕ slip ratios and
the associated response of the automated system. Uppermost, the diagrams show how
the relative velocity of the islands, in the direction of retraction, differ in these regimes.

occurring (no relative slip at ϕa = 1). Between these two regimes (0.4 ≤ ϕa ≤ 0.8)

the grasp force should remain constant. Slip ratios which occur outside this range (e.g.

due to low speeds as the island velocities approach zero) are considered anomalous and

ignored.

If ϕa < 0.4 , ϕT = 0.4

ElseIf ϕa > 0.8 , ϕT = 0.8

(5.2)

The grasping force to be applied Fci+1
during retraction is then determined using the

equation:

Fci+1
= Fci +K(ϕT − ϕa) (5.3)

where the value of ϕT is determined based on the current value of ϕa as shown in Figure

5.4 and Equation 5.2, and the gain (K) varies as a linear function of the retraction speed

of the linear stage(Vs).

K = 0.1Vs + 0.2 (5.4)
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Equation 5.4 was derived experimentally through inspection of the system response across

three separate retraction speeds using Mat C (the stiffest material and thus most chal-

lenging case). A gain was identified for each retraction speed by progressively increasing

K until it provided comparable grasping performance (i.e. the peak shear force occur-

ring before macro slip) to a system operating at maximum clamp load, as shown in Fig.

5.5(a). These gains were then used to fit the linear function defined in Equation 5.4. The

system operates at a sampling frequency of 100 Hz.

N.B. This algorithm is only applied whilst Vm > 0 as this indicates firstly that there is

tissue retraction occurring and secondly that the middle island is still securely gripping

the tissue. If the middle island slips against the tissue (Vm ≤ 0) the current algorithm is

no longer applicable and so the grasp force remains constant.

Validation testing was conducted to ensure the slip onset threshold ϕT = 0.4 was appro-

priate for a range of conditions. The automated grasping system described above was

used at extremes of the parameter space (varying material and retraction speed) to find

the resultant peak grasping load achieved. As shown in Fig. 5.5(b), increasing ϕT leads to

initial increases in the peak shear force before the trend plateaus, a trend seen across the

parameter space. From these data, using a fixed value of ϕT = 0.4 for the slip threshold
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provides consistent performance across the parameter space which minimises dependence

on material properties (information that is difficult to ascertain in advance).

5.3 System Evaluation

The system was tested to evaluate the efficacy of using an incipient slip sensor as the

basis of an automated grasping control method. The performance of this system can

be evaluated through its ability to prevent the occurrence of global slip events whilst

minimising the grasping force applied to the target specimen (to minimise trauma) under

conditions representative of those used in surgical practice.

5.3.1 Experimental Set Up and Analysis

An experimental apparatus was configured to simulate the movements of surgical grasp-

ing and retraction, as shown in Figure 5.6. Tissue simulant samples were fixed to the

Figure 5.6: Image of the experimental set up used for simulating surgical grasping. Inset
shows view of tissue simulant from video extensometer.
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endpoint of a linear load tester (Instron 5940, Instron) which was then used to control

retraction movements. The grasping face with integrated sensing elements was mounted

onto a pneumatic piston controlled via a pressure regulator (MGPM20TF-75Z, SMC, &

ITV1030,SMC) to apply controlled grasp force. The grasp force was pre-calibrated using

a reference load cell with the regulator. Shear force and retraction speed were measured

by the linear load tester and recorded using a real-time embedded controller (MyRIO,

National Instruments). This controller also interfaced with the grasping sensor through

the microcontroller, and implemented the control algorithm to vary the clamp force via

the pneumatic regulator with a loop rate of 100 Hz. A clear acrylic sheet was used as

the counter face of the sensored grasper to enable optical tracking of the tissue simulant

deformation using a video extensometer (AVE2, Instron), which was analysed using Dig-

ital Image Correlation (DIC) software (GoM Correlate, GoM), images were captured at

50 Hz.

5.3.2 Experimental Parameters

Test parameters were defined to emulate regimes used in surgical practice and thus analyse

the system over a range of representative conditions exploring the effects of retraction

speed, tissue (mechanical) properties and grasping force. Retraction speeds of 1, 2 and 3

mm/s were selected based on those used for tissue manipulation [21], and two different

stiffness tissue simulants Mat A (241 kPa) and Mat C (610 kPa) were analysed which

had similar tensile elastic properties to liver tissue [22]. These tissue simulants consisted

of three layers of silicone elastomer (Ecoflex 00-30, Smooth-on) reinforced with two layers

of stretchable spandex fabric between them, 0.3 mm below the upper and lower surfaces.

Samples were laser cut to form a 100 × 20 × 3 mm sample. The tensile stiffness of

different sample types was controlled through the choice of reinforcement fabric while the

elastomer remained the same to provide comparable frictional and compressive properties.

A speckle pattern was applied to one side of the simulant using enamel spray paint for

tracking the displacement via DIC, and a layer of surfactant lubricant was used to emulate

the serous fluid coating many soft tissues [23]. Grasping loads were varied between 10 N
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and 30 N based on typical pressures reported for surgical grasping of soft tissues [24; 25].

The automated grasping system was compared to a baseline case using a fixed 30 N

grasping force. The automated grasping system used an initial grasp force of 10 N to

hold the tissue at the start of retraction with a 30 N upper limit (to match the baseline

case). Tests were conducted to explore this experimental matrix in which 5 repeats were

conducted for each unique configuration (2 control methods, 3 retraction speeds, 2 tissue

simulants).

A secondary test was employed to assess the ability of the automated system to retract

and then hold tissue. The tissue simulant was grasped, then two cycles of retraction

(by 1.5 mm) followed by a hold were performed before a final retraction to the point of

macro slip. 5 repeats were conducted for each test condition (2 control methods, 2 tissue

simulants).

5.3.3 Data Processing

To compare the performance of the automated and fixed grasp methods, metrics were

defined to capture the peak shear force achieved (i.e. representing the grasp holding

performance) and the grasping energy used to achieve this outcome. For the latter, the

impulse applied to the tissue simulant during grasping was calculated as a good indicator

which relates to the probability of causing tissue trauma [26]. The Impulse (I) was

calculated as follows,

I =

∫ t=M

t=0
Fc dt (5.5)

where t = 0 is the start of retraction and t = M is the time at which macro slip occurs

as determined from the shear force (Fs).

if
dFs

dt
< 0.025Vs, t = M (5.6)
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Figure 5.7: Typical grasping characteristics recorded for the automated and fixed test
cases for variations in tissue simulant material stiffness and grasper retraction speed.
Vertical lines indicated the point of macro slip.

5.3.4 Results

Figure 5.7 displays representative examples of the applied grasping forces and resultant

shear forces for the automated and fixed grasper control methods for all the test conditions

investigated.

Both control methods showed a similar pattern for the variation in shear force during

the retraction process across all test cases, in which shear gradually increases as the

tissue simulant is stretched until the point of global slip, as indicated on the graph. The

automated system applies increasing grasp force as the shear force increases to maintain

grip stability. This results in similar levels of maximum shear achieved for both methods

as well as similar times of macro slip. These aspects are summarised in Figure 5.8 which

shows the peak shear force and grasping impulse, up to the onset of macro slip.

Statistically significant differences (P<0.05) were observed for the outcome measures

when comparing the two control methods (excluding peak shear for Mat A at 2 mm/s).

However, the maximum shear force observed using the automated control method was

only marginally lower than for the fixed 30 N grasp case, but this was achieved with a

substantial decrease in the Impulse applied to the tissue simulant. These differences were
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Figure 5.8: Summary of the results for the average maximum shear force and average
impulse, between t=0 and the point of macro slip, across all test conditions. The per-
centages indicate the relative decrease in metrics between the 30N hold and automated
test cases.

more profound for the higher stiffness material (Mat C).

Figure 5.9 examines the mechanics underlying this process, showing the deformation of

the tissue simulant at the front, centre and rear of the grasper (see Fig. 5.2 for reference)

as determined by the video extensometer and DIC analysis. For both the high and low

stiffness tissue simulants, the automated control method shows similar behaviour to the

fixed load grasp case, particularly at the centre and rear of the grasper. The tissue at

the front islands slips slightly more in the automated case, with a peak difference of

approximately 0.9 mm occurring during the early stages of retraction, reducing as the

system increases towards maximum grasping load.

For ’retract and hold’ procedures Figure 5.10 shows a typical response produced by

the system in automated and fixed hold cases. While similar grasp forces are observed
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Figure 5.9: Representative displacement data for the tissue over the front, central and
rear sections of the grasper, for the automated and non-automated control methods.
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throughout the process, the automated case achieves this using significantly lower clamp

forces for the majority of the retraction.
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Figure 5.10: Typical force characteristics during a retract and hold of tissue simulant
for: (a) Low stiffness simulant (Mat A). (b) High stiffness simulant (Mat C). The black
vertical lines indicate the point of macro slip, whilst the purple shaded areas indicate
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5.4 Discussion

From the results gathered in this investigation it is evident that engineering a grasper

to promote and detect incipient slips provides an effective basis for a system which con-

servatively regulates grasping force to prevent macro slip of tissue whilst minimising the

applied grasp force during retraction.

Comparison of the shear forces required to induce macro slip in the automated and non-

automated cases show less than 5% difference for the majority of cases despite significant

variations in the material properties of the tissue simulant and the retraction speed ap-

plied (Fig. 5.8). The exception to this is the condition using a high stiffness material

under a high retraction speed, where the automated system slips at 10.5% less shear

load. This occurs when the grasp force plateaus before reaching the maximum load of

30 N because slip propagates rapidly through the material, such that slip occurs before

mitigating action can be taken. This could be addressed by tuning either the automated

controller gain (K) or the target slip ratio (ϕT ), which requires a balance to be made

between how rapidly the system responds versus its ability to minimise clamping force.

Stiffer materials generally need higher gain and/or ϕT (lower bound) values to prevent

slip occurring as they need either a faster (K) or earlier (ϕT (lower bound)) response to

incipient slip events (Fig. 5.5), however after a certain point further increases in these

values provides no further benefit to the system in preventing slip but will result in higher

clamp forces being applied prematurely.

Using impulse as an indicator of the energy applied to the tissue simulant demonstrates

that the automated control method brings a significant reduction in potential tissue

trauma, especially in cases using the high stiffness tissue simulant. The sensor islands are

positioned at the front edge of the graper so they detect when slip occurs at that front

edge and initiate a mitigating reaction. For high stiffness tissue, the front and rear of the

grasper slip almost simultaneously [17], so the grasper reaches the maximum clamp load

shortly before macro slip occurs, minimising the force applied over the retraction (Fig.

5.7). For the low stiffness material the slip propagation from front to back occurs more
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gradually, so there is a significant amount of time before the tissue at the rear slips and

the automated system remains at maximum load for longer resulting in less improvement

in the impulse applied.

The differing performance (in terms of both grasp and input energy) for the automated

system across the test cases suggests that there will be limitations in the operating con-

ditions and tissue properties for which it is suitable. However, the current results do

demonstrate a wide operating range which does not require tissue-specific thresholding

methods for effective operation, a key to making these techniques more broadly applica-

ble in surgical settings. The sensor’s performance could also be improved by utilising an

additional row of sensors at the rear of the grasper, enabling comparison of island move-

ments between the grasper’s front and rear, enabling an estimation of material stiffness

and the speed of slip propagation. Both of these attributes could then be fed into the

control system to optimise grasp force accordingly.

The tissue deformation under grasping observed using DIC techniques further validates

the efficacy of the incipient sensing approach and the automated control method, as

for both materials there is a high correlation between the automated and fixed grasp

results. During the initial retraction period there is slightly more displacement at the

front islands when using the automated case as less clamp force is being applied. However

the adjustment made by the automated system prevents the slip propagating any faster

than in the fixed hold case, resulting in near identical grasping performance, despite

significantly reduced load being applied to the tissue simulant during this manoeuvre.

The system has also been demonstrated to perform effectively when conducting a ’retract

and hold’ of the tissue simulant, resulting in similar holding performance with significantly

lower clamping forces compared to a fixed load approach (see Fig 5.10). A gradual in-

crease is evident in the clamping force during the hold phase, a result of sensor noise on

the velocity measurements causing small incremental increases in force, though further

refinement of the current algorithm is being developed to mitigate these effects. However,

the results presented here for short grasp and retract procedures represent those in which
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the system could provide the most benefit; in shorter retractions only a fraction of the

maximum possible clamp force is required to prevent slip, therefore the automated grasp-

ing system presented here could enable a significant reduction in the overall clamp forces

applied, reducing the probability of causing tissue damage due to the over application of

force [2; 26].

5.5 Conclusions and Further Work

This study demonstrates the efficacy of using a segmented incipient slip sensor as the basis

for improving the automated grasping of soft tissues in surgery during tissue retraction.

Results from the evaluation of the system show this method provides the possibility for

improving surgical outcomes by reducing the forces applied to tissues during retraction

whilst still maintaining a similar gripping performance to using a maximal grasping force.

The system proved capable over a range of materials and retraction speeds representative

of surgical conditions, though the results indicate there will be limitations to the range

of materials for which the system will provide a performance benefit. Analysis of the

system’s performance highlighted how the system can be further developed to broaden

its operating range. Further work will consider evaluation of the system performance

in ex-vivo tissue samples and working to miniaturise the sensing technology for future

integration into a surgical grasper.
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5.6 Appendix

Additional DIC Results

To allow comparison between the automation results for the front to back method, pre-

sented in chapter 3, and the side to side method presented in chapter 5, this appendix

provides additional DIC results to allow for direct comparison under the same loading

and retraction conditions.

Figure 5.11 presents results for the tissue displacement measured using DIC, comparing

the effect of different materials and retraction speeds for the automated and fixed load

control methods, for a full explanation of the system design and test methods see Sections

5.2 and 5.3. For all cases the central and rear islands maintain almost identical displace-

ments for the fixed load and automated control methods throughout the full retraction,

indicating that they have a similar grasp performance in terms of slip prevention, and

that the automated method is maintaining similar control whilst utilising less force over

the full range of test conditions investigated.
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Figure 5.11: Representative displacement data for the tissue over the front, central and
rear sections of the grasper, for the automated and non-automated control methods, for
variations in material stiffness and retraction speed. The dashed vertical line indicates
the point at which the automated system reaches the maximum 30N clamp force.
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Discussion and Conclusions
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6.1. Introduction

6.1 Introduction

The work in this thesis explores two approaches for the creation and detection of preferen-

tial incipient slips during surgical manipulation of soft tissue, with the aim of preventing

tissue slip, whilst also reducing the clamp forces to try and minimise tissue trauma. Each

approach utilises a different phenomenon to generate these slips:

• Front to back method - This method utilises the deformable behaviour of the

grasped tissue to create a slip differential between the front and rear of the grasper

face, due to the propagation of slip along the grasper length, as the material towards

the front of the grasper has to slip and displace, before that behind can move.

• Side to side method - This method creates a distribution in the normal force

across the width of the grasper, via a curved grasper face, thus creating a variation

in the frictional forces, leading to preferential incipient slips occurring towards the

outer edge of the grasper first.

Both of these approaches have been demonstrated to be successful at preferentially in-

ducing, and detecting, incipient slip events before the occurrence of macro slip, when

grasping soft, lubricated, deformable materials, similar to biological tissues encountered

during surgical procedures. In addition they have been employed to automate the force

control during the grasping action, providing similar grasp performance, in terms of slip

prevention, to a grasper utilising the maximum grasping load throughout, whilst reducing

the clamping forces applied during the retraction. The results gathered indicate these

sensing approaches could be an effective way to avoid tissue slip, and reduce tissue trauma

caused by excessive grasping loads. The side to side method, based on varying the normal

force across the surface, has also been demonstrated to be effective at detecting incipient

slip events when manipulating porcine liver tissue, despite no additional optimisation of

the system for this material.

It should be noted that the slip detection approaches developed within this thesis are not

limited to the sensor technologies that have been utilised to demonstrate them. Although

144



6.2. Comparison of Developed Slip Sensing Methods

magnetic and SITS sensors were selected for these particular instrumented graspers there

are possibly more optimal solutions. However, the methodologies of how incipient slip

can be induced, either using the tissues deformable properties, or through varying the

distribution of normal force, are transferable to a variety of sensing technologies that

could then be employed for the automatic detection and mitigation of tissue slip events.

This chapter will compare the two slip sensing approaches developed in terms of their

efficacy for the early detection of slip events, as well as their feasibility for transfer towards

application within surgical practice. They will then be evaluated against alternative slip

sensors developed for the detection of tissue slip during robotic surgery, and linked back

to the theory of slip mechanics. The research objectives will then be reviewed, before

detailing the future work now required to progress the presented methodologies towards

their application in actual surgical practice.

6.2 Comparison of Developed Slip Sensing Methods

The key metric for comparing the ability of the two sensor systems to detect slip early is

the available mitigation time (See Fig. 3.6 & 4.6), which gives an indication of how early

the system can identify a slip event. As the retraction speed influences both sensors in

a similar and predictable manner, with the retraction speed and mitigation time being

inversely proportional to each other, only the results for variation of the material stiffness

and clamping force will be compared during this evaluation.

Analysis of the data presented indicates that the side to side method, based on varying the

normal force distribution to induce incipient slips, is more robust and reliable, accurately

detecting incipient slip in all test cases investigated before the occurrence of macro slip. In

comparison, the system based on utilising the deformable nature of the tissue to produce

incipient slips was unable to detect slip reliably in one test case, when grasping the high

stiffness tissue simulant (Mat C), under a low clamping load (10 N). This is because the

normal force based method is significantly less reliant on the tissue’s tensile properties to

create a slip differential. The side to side method also creates higher available mitigation
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6.2. Comparison of Developed Slip Sensing Methods

times in all cases, ranging from, on average, an additional 0.74 s in the worst case, and

up to 2.35 s in the best case (for a retraction speed of 2 mm/s). This is because the slip

propagation rate for both methods is similar (See Fig. 2.4), but the curved surface forces

the outer edges to slip preferentially, approximately 1-3 seconds before the front middle

island slips (Fig. 4.6).

Comparison of the ability of both systems to automate the grasping action is only possible

for the low stiffness test case (Mat A), using the slowest retraction speed (1 mm/s), as

limited tests were conducted for the front to back method. Both methods produced

comparable performance in terms of slip prevention, with similar times of macro slip,

and similar shear forces required to induce it (See Fig.3.8 & 5.7). However, the front to

back method, which utilises the tissue’s deformable properties to create slip differentials,

produced a more significant reduction in the applied impulse (23.0%), compared to the

normal force variation based method (9.5%). This indicates that this system is using less

force in the earlier stages of retraction to maintain control, thus reducing the probability

of tissue damage [1]. This is because the normal force based method is detecting incipient

slips earlier, thus increasing grasp forces, and achieving the maximum clamp force, earlier.

This earlier reaction to slip does result in better, more stable control of the grasped

tissue, with lower tissue displacement and slip towards the rear of the grasper for the

same global displacement (See Fig.3.9 and 5.11), especially during the earlier stages of

retraction before the maximum clamp load is reached.

The other major aspect for comparison of these two systems is an assessment of how

feasible it would be to implement them within surgical practice. Currently the major

barrier to employing both these sensors in a robotic surgical device is the ability to

package them within the small form factor required for a robotic surgical grasper (8 mm

wide x 10-20 mm in length), as they are currently over double the width. However,

with current sensing technologies it would be possible to position at least two magnetic

hall effect sensor nodes (MLX90393, Melexis), along the length of the grasper, making it

possible to detect slip differentials between the front and rear of the grasper, as required

for the front to back method. In comparison, fitting 3 displacement sensors across the
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width of a robotic surgical grasper, for sensing incipient slips caused by the variation

of normal force, currently seems much less feasible, though recent advances in magnetic

sensing technology might make it possible in the near future [2].

As well as the issue with the scale of the grasper designs the current lab based investi-

gations are very idealised. The manipulation of tissue during retraction currently only

occurs parallel to the grasper jaws, whereas in surgical practice there will be additional

lateral and rotational motions that the sensor system, and control algorithm, will need

to be able to account for. Due to the larger number of islands, separated along 2 axis, of

the side to side sensor, it is suspected that with some further optimisation of the control

algorithms this method would be much more robust to these additional movements, as

it could be adapted to sense incipient slips both laterally and longitudinally along the

grasper face, though further work is required to confirm this.

In summary, the side to side method, based around normal force variations, provides a

more reliable and robust method for detecting incipient slip across the full range of test

conditions investigated, and has also been successfully demonstrated for the early detec-

tion of slip when grasping porcine liver tissue. However, when used for the automation of

the grasping action the front to back method and sensor, based on utilising the deformable

properties of tissue to create incipient slip, applied lower forces during the early retrac-

tion, whilst producing a similar time of macro slip. This occurred because the reaction of

the normal force based sensor was premature for the low stiffness material, which has a

slow slip propagation. In other cases though, for example with higher stiffness materials,

this might be preferable, as a faster, more immediate response, is required to cope with

the high rate of slip propagation. Ultimately a combination of the two methods would

likely provide a more effective slip sensing system than either in isolation. The sensors at

the front and rear of the grasper could be used to estimate how fast slip is propagating,

then the controller can use this information to determine how aggressively the system

should respond to incipient slips, when they are detected across the width of the curved

grasper face by the side to side method. However, due to technology miniaturisation

issues this may not be currently feasible, though work is ongoing to try and overcome
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these manufacturing limitations.

6.3 Comparison With Alternative Slip Sensing Systems

Although there is a variety of slip sensing systems this comparison will only focus on

those with surgical applications, as the grasping and slip of soft, deformable, lubricated

materials is significantly different from the grasping of rigid objects, which the large

majority of non surgical systems are focused towards.

To date the most developed grasper slip detection system for robotic surgical applications,

within research, is that created by Burkhard et al. [3]. This sensor uses a technology

based on hot-wire anemometry to monitor variations in heat flux as an indicator of the

magnitude, and direction, of tissue slip. This system has been successfully integrated

within a robotic surgical grasper, comparable in size to industry standards, and has

been demonstrated to be effective at detecting slip for a variety of porcine tissues. In

addition, it has been proven to help reduce the occurrence of tissue slip events during

a representative manipulation task, when employing trained surgeons on a commercially

available robotic surgical platform.

Although direct comparison with this system is challenging due to the different analysis

methods used, there are several fundamental differences between the two sensing methods

that have been identified. Firstly, the thermal based slip sensor has no moving parts to it,

unlike our incipient slip sensors, this helps to simplify manufacturing, and likely reduces

the probability of failure during use, which could result in serious complications if grasper

islands/parts are lost within the body. There is also likely to be less perceived input lag,

due to the moving silicone base below the rigid upper gripper surface (See Fig. 3.2 &

4.2). During the initial stages of retraction the silicone base and island will also move,

therefore the expected tissue movement might be slightly delayed from the surgeon’s

point of view, however, further work is required to understand if this will be an issue in-

situ. The second major difference is the number of sensing nodes utilised, the additional

nodes across the surface, combined with the grasper design, allow the sensors presented
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in this thesis to detect slip earlier, as well as provide a greater understanding on the

rate of the slip propagation to the controller. This can help to improve how the control

algorithm reacts to slip events, reducing the occurrence of tissue movement, allowing

greater control to be maintained. However, utilising multiple sensing nodes does increase

the manufacturing challenge of trying to fit multiple sensors within a surgical graspers

small form factor. Lastly, the sensor from [3] requires direct contact between the sensing

elements and the tissue being grasped, whereas for two sensor designs presented in this

thesis the circuitry for the sensor elements (hall effect sensor/SITS coils) can be kept

isolated from the biological tissue, and only the magnets/copper disc targets are exposed

to the biological tissue and the possibility of fluid ingress. This not only helps to protect

the circuitry during surgery, but also makes sterilisation simpler, allowing graspers to be

more readily utilised for multiple operations.

One possible interesting solution to detecting slip would be to combine the two technolo-

gies, utilising the thermal sensor from [3], but with multiple nodes positioned along the

length of the grasper. This could allow for a sensor system with no moving parts, that

can detect slip events early, and if metal pillars are used to conduct heat between the

sensing elements and the tissue, and vice versa, then it might also be possible to minimise

their exposure to the biological environment too.

The only other significant surgical slip sensing system identified in literature is that

developed by Khadem et al. [4]. This system utilises a load cell, contained within the

joint actuation unit, to measure the grasping forces via the tension in the cable, and a 6

DoF force/torque sensor at the interface between the robot arm and tool, to monitor the

retraction forces. The gripping force is adjusted depending on the current retraction force

to remain within a predefined safe grasping zone to prevent slip. The main disadvantage

of this system, compared to the approaches presented here, is that it requires significant

prior knowledge of the tissue being manipulated, and so is unable to adjust to new tissues,

or variations in the operating environment e.g. fluid varying the frictional properties.

However, it does offer one major benefit over our systems, in that all of the sensors and

electronics are external to the patient’s body, making it much easier to integrate with
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current robotic surgical platforms, and simplifying the instrument sterilisation process.

6.4 Evaluation against the Mechanics of Slip Theory

The results were also assessed in relation to the theory around the mechanics of how slip

initiates, and then progresses, that the grasper designs were based on. This was done to

ensure that the grasper faces were performing as intended, through comparing them to

the theories around which they were designed.

Amanton’s law states that the frictional force is only proportional to the normal force,

and the coefficient of friction. The Convex grasper face, where the normal force is varied

using a curved surface (similar to a Hertzian contact), clearly follows this law as can

be seen from the results in figures 2.4 & 2.5. The colour maps show significantly more

slip towards the outer edges, where the normal forces, and therefore frictional forces,

are lower, as intended, based on Amanton’s law. However, a similar but much smaller

level of displacement is also observed towards the outer edge of the flat All Hex grasper

face, despite the normal force and CoF being the same across the full grasper face. This

is the result of edge effects, the unclamped tissue outside the area of the grasper face

has no friction acting on it, and so is free to move, the movement of this unconstrained

tissue outside the grasper causes shear forces to propagate to the tissue at the edge of the

grasper-tissue contact quicker than for the rest of the grasper contact, leading to slightly

more displacement towards the outer edge.

The results from the sensors in the Convex instrumented grasper (Fig. 4.5) show a similar

agreement with Amanton’s law, with the left and right sensored islands, where the normal

forces are lower, slipping before the centre island. The results from the liver samples also

show a similar expected correlation, but due to the uneven thickness of the porcine liver

samples one edge of the sample can slip significantly before the other.

The Centre-hex grasper face also shows the expected relationship with Amanton’s law.

The smooth unpatterned areas towards the outer edge, where the CoF is much lower, slip

before the central section, displayed by the clear curve in the colour map in figure 2.4.
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The other major theory that governs slip is Coulomb’s model of friction, which states that

the frictional force is independent of the sliding velocity, when the contact is slipping. So

once macro slip occurs, given that the normal force remains constant, the frictional force

should also remain constant. Therefore after macro slip the sensor displacement should

remain stable. However, several of the results do not appear to follow this model. Towards

the end of some of the retractions (Fig. 3.5 & Fig. 4.5), there is a rapid increase in the

front sensors island displacement, not in line with the Coulomb model. This is caused

by the tissue slipping off the rear islands, as shown in figure 3.5, where the displacement

of the rear island starts to rapidly decrease as the front island’s displacement increases.

When the tissue starts to slip off the rear island the contact area decreases resulting

in an increase in the normal force acting on the remainder of the grasper contact, thus

increasing the frictional force. Given that the retraction velocity is constant the shear

force acting on the front islands will therefore also increase, increasing the strain on the

moveable silicone elastomer of the grasper islands, thus increasing their displacement.

6.5 Assessment of Research Objectives

Section 1.3 detailed several research objectives, below is a summary of how each of these

was addressed:

Develop a system for simulating the surgical grasping and retraction of tissue,

that is capable of directly monitoring the tissue slip occurring at the grasper

face

A simulated surgical grasper was developed that was able to robustly and repeatedly re-

produce the clamping and retraction of tissue, and tissue simulants, with representative

retraction speeds and force control. In addition the analysis method for directly monitor-

ing tissue slip, using digital image correlation, provided a reliable indication of the tissue

slip and movement occurring across the entirety of the surface, helping to provide a good

understanding of the basic slip mechanics. The tissue simulants developed also provided

a repeatable test sample that allowed for easy comparison between various methods and
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grasper faces, whilst providing a similar enough representation of biological tissues for

the development of the methods towards its end use case in surgery. However, there was

several limitations of this system, the grasping action was parallel rather than scissored,

like a standard surgical grasper, and the system could only reproduce retractions in a

direction directly parallel to grasper, whereas in surgical practice there will be additional

lateral and rotational motions involved in tissue manipulation.

Investigate the slip mechanics of soft, lubricated, deformable materials like

tissue, and how variations in grasper design can influence the development of

incipient slips

Two different methods of inducing incipient slip were investigated, varying the normal

force across the surface, and varying the coefficient of friction across it, both of these were

based on Amanton’s law of friction. Analysis of these identified that the variation of the

normal force produced much better results for inducing incipient slip, as the variation

of the coefficient of friction reduced the overall coefficient of friction too much, affecting

the overall grip performance. An additional method of inducing incipient slip was also

identified from this work, due to the deformable nature of soft tissue the tissue towards

the front of the grasper has to move and deform first before the tissue behind can start

to move, creating a slip differential between the front and rear that can be monitored.

Utilising the knowledge of slip mechanics develop an instrumented grasper(s)

capable of inducing and then detecting incipient slip of soft tissues

Two novel slip sensors were created to monitor the two different slip phenomena identified

in the slip mechanics investigation. The first of these looked to detect the slip differential

between the front and rear of the grasper, caused by the tissue’s deformable properties.

The second used a curved surface to create a normal force distribution across the width to

induce slips towards the outer edges. Both of these graspers used a series of independent

moveable islands, with sensors placed under specific islands, to allow slip differentials of

the tissue across the surface to be monitored. They were both able to reliably detect

slip well before macro slip occurs over a range of test conditions that simulated surgical
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grasping and retraction tasks. The sensor system developed that employed the variation

of normal force was found to be more robust, detecting slip earlier and across a greater

range of test conditions, specifically those utilising higher stiffness tissue simulants. This

system was also demonstrated to be effective at detecting incipient slip of porcine liver

tissues.

Develop an algorithm for the automatic detection and mitigation of slip events

during robotic surgery, and demonstrate its ability to reduce the forces applied

to tissue during grasping, whilst preventing the occurrence of slip

For both sensor systems separate automation algorithms were developed. For the front

to back sensor there is a simple fixed step change in the clamp force whenever incipient

slip is detected, whilst the side to side sensor uses a proportional control to maintain a

consistent ratio between the velocity of the sensor islands at the edge and the middle of the

grasper, so that they are both moving with the tissue at a similar speed. Both systems

were successfully demonstrated for use in automating the force control of the grasper,

producing similar grasp performance to a grasper applying the maximum clamp force, in

terms of the time of macro slip and the shear force required to induce it, whilst using

lower gripping forces during the early stages of retraction, likely reducing the occurrence

of tissue trauma. The automated front to back system appeared to apply much lower

impulse during the retraction, but it is suspected this is largely because the side to

side grasper detects slip, and thus reacts, much earlier, providing more control and less

tissue displacement early in the retraction, but slightly increasing the possibility of tissue

trauma.

6.6 Future Work

Although the work presented here provides, and demonstrates, two promising concepts for

the early detection of slip events during robotic surgery, there is still an extensive amount

of work required to progress these systems to a point that they could be effectively utilised

within surgical practice. The next major stages of development are detailed below:
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• Integration within a robotic/laparoscopic grasper - This is currently the

most significant barrier to these technologies. Although the developed sensors pro-

vide a strong proof of concept, they are significantly larger than a standard robotic

surgical grasper, and utilise a parallel, rather than a scissor motion, to grasp tissue.

For detecting slip differentials between the front and rear of the grasper, caused

by the deformable properties of the tissue, commercially available sensors could

easily be integrated into a standard robotic surgical grasper, with sufficient nodes,

to make early slip detection possible. This would then make it possible to test

the sensor system and sensing method at the correct scale, whilst also utilising the

scissor motion for grasping. However, as stated previously, fitting sufficient sensing

nodes across the width of the grasper, to detect incipient slips caused by variation

of the normal force distribution, is currently unfeasible. Further miniaturisation

and development of displacement sensing technologies is required before a to scale

grasper for this method can be developed.

• Expanded tissue testing - To date only porcine liver samples have been trialled

with one of the sensing methods (side to side method). Although these results

were very promising, a much wider set of tissue testing is now required to fully

understand the limitations and capabilities of the grasper systems. Results already

demonstrate that both methods are sensitive to tissue properties, with the front

to back method being heavily influenced by changes in the tensile properties of

the tissue, whilst the side to side method can encounter issues if the tissue doesn’t

compress sufficiently for the islands at the outer edges of the grasper to engage

sufficiently.

• Investigation of more complex manipulation tasks - The current testing

set up only evaluates the sensor’s performance when the direction of retraction is

directly parallel to the grasper jaws. However, during surgery there will be signif-

icantly more lateral and rotational movement that the sensor, and the associated

slip detection algorithms, will need to be able to account for. The current test rig

will need to be adapted so that different slip/retraction directions can be properly
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assessed, before the system is then trialled on more representative surgical manip-

ulation tasks e.g. peg to peg and phantom organ manipulation tasks [5].

• Improvement of detection and control algorithms - Although the detection

and mitigation algorithms developed are effective, there is still significant room

for improvement. The sensors utilised have the ability to detect motion in three

axis, but currently only one of these is utilised for slip detection. Monitoring these

extra axes of movement could provide additional useful information that dictates

how the system detects or reacts to slip. For example, as stated in Chapter 4,

the displacement in the z direction, normal to the grasper face, could provide an

indication of the level of sensor island engagement to help dictate which sensors

should be given priority during slip detection. The combination of the two methods

developed, as discussed in Section 6.2, could also be utilised to improve how the

system reacts to slip events, employing knowledge of both the slips across the width,

as well as the rate of slip propagation, to improve the way in which the system

chooses to mitigate slip events. In addition the slip detection algorithms utilised

both rely on the use of basic threshold monitoring to identify when slip is starting

to occur, an alternative option would be to try and utilise machine learning and

pattern recognition to predict when incipient slip is about to occur, as there could

be other indicators within the sensor signals that it is not possible for humans to

identify. However machine learning does involve some major complications with this

particular scenario, as gathering sufficient training data that has a clearly defined

slip indicator for the localised slips is very challenging.

• Develop a more reliable method of understanding the "ground truth"-

Although the current DIC method gives a good indication of when different areas

of the tissue first start to slip, the results are still not directly comparable to the

sensor measurements. The DIC is monitoring slip at the opposite face of the tissue

to the instrumented grasper, where the tissue is only gripped against a low friction

acrylic plate. This smooth counter-face will slip before the tissue that is gripped

by the instruments grasper, meaning there is a small disconnect between the DIC
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measurements and the sensor data. One method of overcoming this disconnect

is through investigating how tissue slips when grasped by a completely smooth

instrumented grasper, as there would be minimal difference in the initiation of tissue

slip between the two opposing faces as they would both have similar coefficients of

friction.

• Investigate other application routes - The main focus of this research was

towards the development of a slip sensor for use in the grasping and manipulation

of soft biological tissues during robotic surgery. However, the large majority of

research into slip sensors in general has focused on the grasping of non-deformable,

dry rigid objects [6]. The sensor presented here could have a range of other use

cases in addition to surgery, for the more generalised grasping of soft deformable

materials, investigation into alternative applications could find a variety of fields

that this system could be applied to, e.g. food processing and agriculture.

6.7 Conclusions

The research presented here demonstrates two possible concepts for the detection, and

mitigation, of tissue slip events during surgery. The slip mechanics of soft, wet, deformable

materials, similar to biological tissues, were first evaluated, this then formed the basis for

the two sensing approaches developed. Two prototype grasper faces were produced that

operated off the two slip phenomena identified from the slip mechanics study. The first

sensor employed the deformable properties of the tissue to create a measurable slip differ-

ential between the front and rear of the grasper, whilst the second used a curved grasper

surface to create a variation in the normal, and thus frictional, force across the width of

the grasper face, leading to the outer edges slipping preferentially. The efficacy of both

of these methods for the detection and automatic mitigation of slip has been successfully

demonstrated using silicone tissue simulants, with the latter also proven effective for slip

detection of porcine liver samples too. The method looking to detect incipient slip across

the width has proven to be more robust, detecting incipient slip reliably over the full
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range of test conditions, though a combination of both techniques would likely prove to

be the most effective solution for improving surgical grasping. Further work is now re-

quired to miniaturise this technology so that it can fit within a standard robotic surgical

grasper, before analysing it over a wider range of representative test conditions, more

closely simulating those used in surgical practice. Ultimately though this work provides

a strong basis for the future development of slip sensing technologies for robotic surgical

applications, providing two novel sensing methods which could prove effective at helping

to automate surgical grasping tasks to help minimise slip events, reduce the occurrence

of tissue trauma caused by excessive grasping loads, and reduce surgeon fatigue.

157



REFERENCES

References

[1] A. I. Margovsky, R. S. A. Lord, and A. J. Chambers. The effect of arterial clamp

duration on endothelial injury: An experimental study. ANZ Journal of Surgery,

67(7):448–451, July 1997.

[2] Theo Le Signor, Nicolas Dupre, and Gael F. Close. A Gradiometric Magnetic Force

Sensor Immune to Stray Magnetic Fields for Robotic Hands and Grippers. IEEE

Robotics and Automation Letters, 7(2):3070–3076, April 2022.

[3] Natalie T. Burkhard, J. Ryan Steger, and Mark R. Cutkosky. The Role of Tissue Slip

Feedback in Robot-Assisted Surgery. Journal of Medical Devices, 13(2):021003, June

2019.

[4] Seyed Mohsen Khadem, Saeed Behzadipour, Alireza Mirbagheri, and Farzam Farah-

mand. A modular force-controlled robotic instrument for minimally invasive surgery -

efficacy for being used in autonomous grasping against a variable pull force: Modular

force-controlled robotic instrument. The International Journal of Medical Robotics

and Computer Assisted Surgery, 12(4):620–633, December 2016.

[5] Tamas D Nagy and Tamas Haidegger. A DVRK-based Framework for Surgical Sub-

task Automation. Acta Polytechnica Hungarica, 16(8):18, 2019.

[6] Wei Chen, Heba Khamis, Ingvars Birznieks, Nathan F. Lepora, and Stephen J. Red-

mond. Tactile Sensors for Friction Estimation and Incipient Slip Detection – Towards

Dexterous Robotic Manipulation: A Review. IEEE Sensors Journal, pages 1–1, 2018.

158


	Background
	Introduction
	Contributions

	Literature Review
	Clinical Need
	Tactile Sensing in Surgical Graspers
	Slip Mechanics
	Incipient Slip Detection
	Automation
	Summary of Literature

	Aims and Objectives
	Thesis Outline


	Engineering Incipient Slip Into Surgical Graspers to Enhance Grasp Performance
	Introduction
	Methods
	Background
	Grasper Design
	Experimental Setup
	Experimental Parameters
	Analysis Method

	Results
	Discussion
	Conclusion
	Appendix

	Incipient Slip Sensing for Improved Grasping in Robot Assisted Surgery
	Introduction
	System Development
	Concept
	System Design and Fabrication
	Data Processing
	Slip Detection

	System Evaluation
	Experimental Set Up and Analysis
	Data Analysis
	Experimental Parameters
	Results

	Case Study: Automation
	Discussion
	Conclusions and Further Work
	Appendix

	Encouraging and Detecting Preferential Incipient Slip for Use in Slip Prevention in Robot-Assisted Surgery
	Introduction
	System Development
	Concept and Requirements
	System Design and Fabrication
	Signal Processing
	Slip Detection

	Materials and Methods
	Experimental Set Up
	Experiment I: Silicone Tissue Simulants
	Experiment II: Porcine Liver

	Results
	Experiment I: Silicone Tissue Simulants
	Experiment II: Porcine Liver

	Discussion
	Conclusions and Further Work
	Appendix

	Utilising Incipient Slip for Grasping Automation in Robot Assisted Surgery
	Introduction
	System Development
	Concept and Requirements
	System Design and Fabrication
	Signal Processing
	Slip Detection & Mitigation

	System Evaluation
	Experimental Set Up and Analysis
	Experimental Parameters
	Data Processing
	Results

	Discussion
	Conclusions and Further Work
	Appendix

	Discussion and Conclusions
	Introduction
	Comparison of Developed Slip Sensing Methods
	Comparison With Alternative Slip Sensing Systems
	Evaluation against the Mechanics of Slip Theory
	Assessment of Research Objectives
	Future Work
	Conclusions


