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ABSTRACT

Tactile sensing gives humans the ability to interact directly with the environment and has
resulted in the world being shaped such that it is easy for us to interact with. Tactile
sensing is useful in robotic grasping and provides information complementary to vision

such as contact forces and surface texture. Bringing tactile sensing to robots is essential to
provide human-level touch capabilities. One aspect of human touch is slip detection, which is
the ability to detect when something is moving relative to the skin. Slip detection is utilised by
humans in a variety of scenarios including determining ideal grasping strength and inferring
object properties.

This thesis involves the study of new sensors and methods of slip detection, and an analysis
of how slip detection can be used to improve robot touch. Additionally, this thesis explores how
one can mimic human sense of touch to improve slip detection in robots. Work is conducted
using different variations of the TacTip, a soft biomimetic optical tactile sensor. Experiments are
performed with single sensors featuring different skin morphologies and a novel design of tactile
robot hand with integrated miniaturised versions of the TacTip. It is demonstrated that the
TacTip is effective at real-time slip detection and grasp recovery, and that mimicking structures
in the human fingertip elicits incipient slip allowing for early detection of grasp instability.

This thesis seeks to convince the reader that slip detection is as useful a sense to robots as
it is to humans and should be included in any future tactile robot system interacting with the
cluttered environment around us. Several contributions to the field of tactile robotics are made
by furthering knowledge relating to gross slip detection, tactile robot grasping and incipient slip.
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INTRODUCTION

Tactile sensing gives humans the ability to interact directly with the environment and has

resulted in the world being shaped such that it is easy for us to interact with. Bringing

tactile sensing to robots is essential to provide human-level touch capabilities [1]. In this

thesis, steps are made towards this goal by developing several enhancements and modifications

to an existing optical tactile sensor, the TacTip (TACtile fingerTIP) originally presented by

Chorley et al. (2009) [2]. The TacTip is a 3D-printed optical tactile sensor which provides several

advantages including being low-cost (<£100), easy to modify, robust and highly versatile when

applied to a variety of applications [3].

The focus of this thesis is slip detection and its uses in various aspects of robot grasping.

Using both a single sensor and multiple sensors integrated onto a robot hand the TacTip’s ability

to detect slip using simple methods capable of operating in real-time is investigated. Futhermore,

capability at slip detection in several functional grasping tasks is demonstrated. The results

presented here have led to multiple publications in peer reviewed journals and conferences in the

field of robotics.

The remainder of this introductory chapter is organised as follows. First, in Section 1.1 I will

provide the motivation for the work conducted in this thesis. Section 1.3 presents the research

questions addressed throughout the thesis. Section 1.4 summarises the contributions made

by this work. Section 1.5 contains a list of publications which have been obtained during my

postgraduate study. In Section 1.6 I provide a glossary of key terms which appear frequently in

this thesis for the convenience of the reader. Finally, Section 1.7 sets out the structure for the

remainder of the thesis.
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CHAPTER 1. INTRODUCTION

1.1 Motivation

Tactile afferents provide information about the state of a grasp and, crucially, whether the grasp is

failing. It is well known that tactile sensing is useful in robotic grasping and provides information

complementary to vision [4, 5], such as contact forces and surface texture. To paraphrase Bajcsy et

al. (1987): vision hypothesises, touch verifies [6]. Studies have shown that the ability to grasping

and manipulation tasks such as fastening a button or holding a cup can be seriously impaired with

reduced tactile sensation [7, 8]. However, when vision is impaired tasks may take significantly

longer and manipulating objects carries a greater risk of damage due to the increased difficulty

of localising the object and potential hazards. As such both senses are extremely valuable when

performing effective grasping.

One aspect of human touch is slip detection, which is the ability to detect when something

is moving relative to the skin. Slip detection is utilised by humans in a variety of scenarios

including determining ideal grasping strength [9] and inferring object properties [10, 11] and it

has been shown to lead to disastrous consequences when impaired [8].

Attempting to replicate slip detection in robots has been an area of interest for decades with

software and hardware solutions utilising everything from accelerometers by Howe et al. (1989)

[12] to deep neural networks in recent years [13, 14, 15]. What is fascinating about slip detection

is that the idea is so simple and the benefits crystal clear; if you’re holding something you don’t

want to accidentally drop it and if you feel it slipping you want to take an action to prevent grasp

failure. However, slip detection and particularly incipient slip - where only part of the contact

surface slips and the rest remains static - are far from solved problems with a wide variety of

sensors and methods used to this day [16].

This thesis involves the study of new sensors and methods of slip detection, and an analysis

of how slip detection can be used to improve robot touch. Additionally, this thesis explores how

one can mimic human sense of touch to improve slip detection in robots, as has been done in

many areas of robotics such as localisation [17] and flight [18]. By observing phenomena present

in human touch and studying the physical structures which help facilitate them we can reap

the benefits of billions of years of evolution and simultaneously push the boundaries of what is

possible with robots [19].

A specific niche within slip detection that has interested me is the development of low-cost

systems which utilise simple classifiers for inference. The benefit of low cost systems is that they

make adoption of the technology easier for a larger group of researchers and end-users which

can lead to faster progress through collaborative effort. Focusing on simple methods of detection

means that this functionality will not take up a large amount of the processing capacity of the

robot and can therefore be easily included on systems. Slip detection and response could even be

devolved to smaller computers distributed throughout a machine analogously to how reflexes

such as pain response is rapidly rooted through the spinal cord and not the brain [20].

Therefore, slip detection coupled with low computational load can form an integral part of a
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1.2. HYPOTHESIS

robotic system’s sensory smorgasbord. This thesis seeks to convince the reader that slip detection

is as useful a sense to robots as it is to humans and should be included in any future tactile robot

system interacting with the cluttered environment around us.

1.2 Hypothesis

Before breaking down this thesis into specific research questions I will lay out my hypothesis

which was spawned from the research motivation discussed above. The fundamental hypothesis

which this thesis addresses is:

Slip detection capability, defined as the ability to detect when the contact surface of a
sensor is moving relative to object, can be implemented using the TacTip and utilised to
improve performance in multiple of the stages which comprise a robot grasp.

This hypothesis has three key parts. First, it defines slip which is necessary to be clear about

exactly what phenomenon we are trying to detect. Secondly, as it is the sensor used throughout

this research, it is important to clarify that it is the TacTip’s suitability to detect slip which is

being investigated. Going further, we can investigate how modifying the sensor in shape and size

whilst retaining the operating principle as a soft optical sensor can make it suitable to being used

on robotic hands, detect slip in various scenarios and be used to detect some early signals of slip -

incipient slip.

Finally, it was my belief when starting this research that slip detection can be applied to

several stages of a grasp. This includes when making initial contact with an object and when

the grasp needs to be altered, for example if weight is added to an object. As we seek to find a

detection method which looks at the fundamentals of what slip is - the contact surface of a sensor

moving relative to an object - it would be beneficial if the same method can be applied to these

different scenarios.

To approach this hypothesis it is useful to break it down into several research questions.

These are outlined in the next section.

1.3 Research Questions

The overall goal of this thesis is to explore the various aspects of slip detection and determine

its usefulness to robot grasping. This goal has been broken down into several smaller research

questions tackling different areas relating to slip detection which will be unified at the end of the

thesis and discussed in relation to the overall research aim and the hypothesis given above. The

questions which will be answered are as follows:
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• Can a simple method be used with the TacTip biomimetic optical tactile sensor to detect

slip and prevent total loss of contact with an object?

• Does the addition of tactile sensing to a robotic manipulator enhance effectiveness of the

system?

• Can a low-cost multi-fingered manipulator be used to reliably detect slip?

• Can slip detection be used as a metric to evaluate the stability of a grasp and improve

grasping efficiency?

• Does mimicking the human fingerprint result in detectable incipient slip in a tactile sensor?

1.4 Contributions

The research conducted in the development of this thesis has resulted in the following contribu-

tions:

• Developed a slip detection method using the TacTip which was able to prevent a slipping

object from being dropped.

• Miniaturised the TacTip such that it is suitable for integration into robotic hands.

• Developed a modified 3D-printed three-fingered hand containing three miniature TacTips.

• Developed a slip correction strategy for when a grasped object is about to be dropped.

• Designed a fingerprint-inspired TacTip for inducing and detecting incipient slip.

1.5 Publications

Below is a list of the published works in peer-reviewed journals and conferences achieved over

the course of my postgraduate work and included in this thesis.

• J. W. James and N. F. Lepora, "Slip Detection for Grasp Stabilization With a Multifingered

Tactile Robot Hand," in IEEE Transactions on Robotics, early access.

doi.org/10.1109/TRO.2020.3031245.

• J. W. James*, A. Church*, L. Cramphorn & N. F. Lepora. (2020). Tactile Model O: Fabrication

and testing of a 3D-printed, three-fingered tactile robot hand. Soft Robotics, ahead of print.

doi.org/10.1089/soro.2020.0019.

• J. W. James, S. J. Redmond & N. F. Lepora. (2020). A Biomimetic Tactile Fingerprint Induces

Incipient Slip. 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems

(IROS), pp 9833-9839.
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• J. W. James, N. Pestell & N. F. Lepora. (2018). Slip detection with a biomimetic tactile

sensor. IEEE Robotics and Automation Letters, 3(4), 3340-3346.

• J. W. James & N. F. Lepora (2018). Slip Detection on Natural Objects with a Biomimetic

Tactile Sensor. In Conference on Biomimetic and Biohybrid Systems (pp. 232-235). Springer,

Cham.

The asterisk is to indicate that A. Church and myself contributed equally to this paper.

1.6 Key Terms

For the convenience of the reader I have provided a short glossary of key terms which appear

frequently throughout this thesis.

• Gross Slip - Slip characterised by the motion of the entire contact surface of a tactile sensor

relative to the object or surface with which it is in contact.

• Incipient Slip - Slip characterised by the motion of any part of the contact surface of a

tactile sensor relative to the object or surface with which it is in contact. The remainder of

the contact surface remains static.

• Offline Testing - The validation of a classifier using data which has been previously been

collected.

• Online Testing - The validation of a classifier and hardware by performing an experiment

in real time using data collected on-the-fly.

1.7 Thesis Structure

This thesis contains six further chapters as follows:

• Chapter 2 contains an overview of literature relevant to the fields of human tactile sensing,

slip detection and tactile-enabled robot hands. This provides the foundation upon which

the remainder of the thesis builds.

• Chapter 3 focuses on gross slip detection with the TacTip. The camera system is updated

to allow for higher frame rate sensing and a simple method is used to detect slip in real

time. It is demonstrated that the TacTip is robust to changes in the object being contacted

and can reliably prevent a slipping object from being dropped.

• Chapter 4 introduces the Tactile Model O (T-MO) a three-fingered tactile robot hand which

is a modification of the GRAB Lab Model O. Small camera modules are added to the hand
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allowing for onboard processing of tactile data coming from three miniaturised TacTips.

The grasping capabilities of the T-MO are also assessed in this chapter.

• Chapter 5 investigates the slip detection capabilities of the Tactile Model O. The smaller

TacTips are first compared to the larger ‘traditional’ TacTip before all three are used to

detect slip with the whole hand. Slip detection as a metric to determine grasp stability is

also explored in the context of real-world grasping experiments.

• Chapter 6 involves the evolution of the TacTip design such that it facilitates incipient slip.

Two fingerprint-inspired design iterations are presented which work towards the goal of

having detectable incipient slip using the TacTip.

• Chapter 7 summarises the work presented in the preceding four chapters and presents

the main conclusion of the thesis. The limitations and future avenues of the research are

also discussed.
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LITERATURE REVIEW

The field of tactile robotics stretches over multiple domains and includes everything from

the design of sensors to perform a specific function to the development of hands and feet.

This provides robots with some of the tactile sense possessed by humans and therefore

allows them to interact with objects around them and gain information with which to perform

tasks.

This thesis aims to develop a sensor suited to detecting slip and integrate it onto a robotic

hand to demonstrate its effectiveness at improving grasping performance. This literature review

will therefore be split into four sections. First, I will briefly discuss the tactile sensing in the

human hand. Secondly, I will discuss the various tactile sensor technologies. Thirdly, I will discuss

relevant work in the field of slip detection. Finally, I will discuss the integration of tactile sensors

onto grippers and multi-fingered robotic hands.

2.1 The Human Sense of Touch

The benefit of working in tactile robotics is that every day you are reminded of what is possible

with the combination of a complex manipulator, sophisticated tactile sensors and a remarkable

computer. Replicating the capability of human hands and the brain that controls it is the long

term goal of tactile robotics and provides the principal motivation for the entire field.

2.1.1 Human Hand Structure

The human hand consists of 27 bones which fall into five categories [22] (Fig. 2.1). At the base

are eight carpal bones forming the wrist which connects the hand to the forearm. There are

then five metacarpals which are the intemediate bones separating the wrist from the fingers.
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Figure 2.1: The bones in the human hand [21]. © Wiley [2015].

The remaining fourteen bones are all phalanges. The four outer fingers contain three phalanges

each: proximal, intermediate and distal. The thumb contains only two: the proximal and distal

phalanges.

The hand is moved by the activation of muscles which are connected to tendons which are

in turn attached to bones in the hand. Flexor muscles allow the fingers to close and extensor

muscles allow them to open. Each finger has two flexor muscles; one is attached to the distal

phalanx and one to the intermediate phalanx. There is one extensor tendon per finger, except

for the index and little finger which have an extra tendon each. The thumb is more complicated

having muscles and tendons for flexion, extension and opposition.

The structure of the hand allows for movement in four locations [23]:

• At the hinges between phalanges in the fingers

• At the joint between metacarpals and the fingers (metacarpophalangeal joints)

• At the joint between palm and wrist

• At the wrist

These hinges combined with the thumb’s ability to be opposed to the fingers makes the human

hand highly effective at grasping and dexterous manipulation.
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2.1.2 Tactile Sensing in the Hand

Whilst the structure of the hand helps to facilitate our high level of skill at manipulation tasks it

is the sense of touch that provides crucial information which allows this to happen [24]. In fact,

our tactile sense extends beyond the hands, covering our entire body and provides information

relating to heat, pressure, pain and proprioception [25]. Touch can even be used to communicate

emotions [26] and plays a role in developing social relationships in humans and primates [27].

As this thesis focuses on touch associated with robot fingertips greater detail of the touch

receptors in the glabrous (non-hairy) skin in the human fingers and palms will be provided. The

hand contains many tactile mechanoreceptors [1] (Fig. 2.2) and the fingertip has the highest level

of spatial acuity for touch [28]. This, not only allows for manipulation but also allows humans to

detect the orientation of edges [29], interpret braille [30] and identify objects by touch alone [31].

There are four principal mechanoreceptors in the glabrous (non-hairy) skin that provide this

tactile sense (list adapted from Johansson et al. (2009) [1]):

1. Meissner Corpuscle

• Rapidly adapting type one (RA-I)

• Sensitive to dynamic skin deformation at frequencies between 5-50 Hz

• Cannot sense static force

• Detects edges and braille-like features

2. Pacinian Corpuscle

• Rapidly adapting type two (RA-II)

• Sensitive to high frequency vibrations 40-400 Hz

• Cannot sense static force

• Detects vibration [32]

3. Merkel Corpuscle

• Slowly adapting type one (SA-I)

• Sensitive to skin deformation at low frequencies < 5 Hz

• Sensitive to static force

• Provides information about object surface features [33]

4. Ruffini Endings

• Slowing adapting type two (SA-II)

• Low sensitivity to dynamic skin movement
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• Sensitive to static force

• Detect when skin is stretched [34]

When a stimulus is introduced to a mechanoreceptor they will ‘fire’ at an elevated rate.

Adaptation (rapid or slow) refers to how long before the rate returns to the resting level. Rapidly

adapting mechanoreceptors will only provide a signal for a short period which explains why they

are insensitive to static force. Slowly adapting mechanoreceptors will continue to fire whilst the

static stimulus remains.

Another facet of mechanoreceptors is the frequencies to which they are sensitive. RA-I and

RA-II mechanoreceptors are sensitive to high frequency deformation of the skin. This is different

from rate of adaption as this refers to the frequency of the stimulus which will initiate a response

from the mechanoreceptors. For example RA-I and RA-II are sensitive to dynamic events such as

high frequency vibrations whereas SA-I and SA-II are more suited to detecting static events such

as skin indentation and stretching [35, 36, 37].

RA-I and SA-I mechanoreceptors have a small receptive field which provides accurate infor-

mation about the location of the stimulus.This explains their high density in the fingertips where

high acuity is desirable [38]. RA-II and SA-II have large receptive fields which allows for stimuli

to be detected from up to several centimeters away [39].

The distribution of mechanoreceptors varies across the skin. RA-I receptors are densely

packed in the fingertips and much less dense throughout the rest of the hand which demonstrates

how important collecting information about dynamic events is to effective grasping [1]. RA-II

afferents are more uniformly spread across the hand and given their large receptive field this

means many hundreds of can be excited when contact is made, or broken, with an object during

grasping [40]. The slowly adapting afferents follow a similar pattern. SA-I afferents are dense

in the fingertips (albeit less so than RA-I), less dense in the rest of the finger and sparse in the

palm of the hand. SA-II afferents are uniformly distributed at low density across the entire hand.

The four mechanoreceptors above combine to give the human hand a very sophisticated

sense of touch. The ability to detect two stimuli as distinct is best at the fingertips where

two indentations approximately 2mm apart can be distinguished [42] whereas on the belly it

is approximately 30mm [43]. Other sensations that can be detected by the fingertips include

vibrations (up to 700 Hz [25]), low contact force (down to 0.055 gram-force (gf) for men and 0.019gf

for women [44]) and small temperature changes (approximately 0.16 °C [45]) to name but a few.

2.1.3 Slip Detection in Humans

Tactile slip detection, the ability to tell when something is moving relative to the skin, is another

useful sense that can be performed. This is useful in many situations including finding the

minimum grasping force when handling items [46], detecting roughness [10] and determining

the object’s shape [47, 48].
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Figure 2.2: Location of tactile afferents in the skin [41].

To determine that slip detection is being performed by the mechanoreceptors in the skin,

and not by another means such as proprioception, a simple test can be performed. Johansson

and Westling (1984) anaesthetised the fingertips of subjects who then attempted to lift objects

using a two finger grip and it was shown that where initial grasping force was insufficient to lift

the object the fingers slid over the object without the subject noticing [8]. They determined that

humans can make adjustments to the onset of slip after only 0.06s which they argue, due to the

small latency, is executed automatically [49]. When reacting to a slip it was shown that humans

will grasp with more force than is necessary to stop the slip by a margin of 10-40% [46]. In other

words, humans overreact to slip with a noticeable safety margin to ensure the cessation of slip.

On a mechanoreceptor level Srinivasan et al. (1990) demonstrated that slip is detectable due

to the firing of rapidly adapting mechanoreceptors (Meissner or Pacinian corpuscles) depending

on the surface [9]. When a smooth plate with a single raised dot (4 µm high, 550 µm diameter)

was moved over a finger pad the firing of Meissner corpuscles (which have small receptive fields)

provided a spatio-temporal code in the direction of sliding.

When the stimulus was instead a matrix of dots (1 µm high, 50 µm diameter, spaced at 100

pm center-to-center) and was stroked the resulting vibrations in the skin activated the Pacinian

corpuscles sufficiently to provide a code which could be interpreted as slip. Interestingly, without

the stroking this matrix would be undetectable by humans [50].

Additionally, Srinivasan et al. (1990) discovered that humans are unable to detect slip on

a glass plate. They were able to detect in which direction the skin was being stretched (and

therefore infer the direction that slip occurs) but could not identify relative motion between the

finger pad and glass. Therefore, through a combination of vibratory and spatio-temporal signals

from mechanoreceptors humans are able to reliably detect slip on structures that cannot be

detected through static touch.
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Figure 2.3: Incipient slip in the human fingertip. From left to right, motion of the fingertip (shown
by arrows) starts from the periphery and moves inward as the slip progresses [52] © IEEE [2004].

Due to the distribution of normal force across the fingertip certain regions of the finger may

slip before others [51]. As the normal force (and therefore frictional force) is lower on the outside

of the contact area these regions are seen to slip first (Fig.2.3 [52]). This is known as incipient

slip and on the mechanoreceptor level this provides significant stimulation to the FA-1 and SA-1

afferents [53]. These incipient slips were observed to trigger an increase in grip force in a similar

fashion to when the entire fingertip slip, although less marked. Although it is important to note

that these incipient slips were inferred from an accelerometer signal and not directly observed as

in Tada and Kanade (2004) [52].

To summarise; humans have a sophisticated sense of touch which allows them to manipulate

the objects in the environment around them. Humans can detect the slippage of all but the

smoothest objects by sensing both when localised areas of the skin begins to move and when the

entire contact surface moves. A rapid response is then initiated which stops the slipping and

secures the object. I will now discuss the development of artificial tactile sensors which have

sought to replicate the success of the human tactile sensory system.

2.2 Artificial Tactile Sensors

Nicholls and Lee (1989) [54] define a tactile sensor as "a device which measures parameters of a

contact interaction between the device and some physical stimuli" the ultimate goal of which is

to replicate and better the human sense of touch. To put into context the state of the art, I will

briefly describe the early state of the field of tactile robotics before discussing more contemporary

work germane to this thesis.

The 1970’s produced several primitive tactile sensors [55, 56], including a sensor using a con-

ductive elastomer where the change in conductivity due to pressure allowed for the identification

of different surfaces [57]. These early sensors resulted in industrial interest in tactile robotics

which led to a list of design criteria which needed to be satisfied to be useful in an industrial

setting [58] (Table 2.1).

In the 1980’s research output grew rapidly [59] and with it, more complex sensors (many of

which utilised sensing technologies that are still in use today) were developed. Such technologies

include conductive sensors such as that developed by Christ & Sanderson (1982) which had
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Description Criteria
Sensing Surface Compliant & Durable
Taxel Resolution 1-2 mm
Number of Taxels 50-200
Pressure Sensitivity 1g
Dynamic Range ∼1000:1
Output Response Monotonic
Frequency >100 Hz
Stability & Repeatability Good
Hysteresis Low

Table 2.1: Harmon Criteria for tactile sensors. Adapted from [59].

two 16x16 arrays of conductors filled with a conductive foam. When compressed the resistance

changes and contact location can be inferred with a resolution of 1/4 inch [60]. Other popular

sensing methods included piezoelectric [61, 62], capacitive [63, 64], magnetic [65, 66] and optical

[67, 68].

The diversity of sensing technologies continues to this day with no particular sensing method

proving to be the standard. In a recent review Kappassov et al. (2015) identify the following

technologies as the dominant areas of research within tactile robotics: Piezoresistive, piezoelectric,

barometric, capacitive, quantum tunnel effect and optical [69]. The remainder of this section will

focus on recent advances in each sensing mode with particular focus on optical tactile sensors.

2.2.1 Piezoresistive & Piezoelectric Sensors

The piezoresistive effect is when the resistance of a material changes due to an applied stress [70].

Similarly, the piezoelectric effect is when an electric charge is generated when a stress is applied

to a material [71]. Piezoresistive sensors have the advantage of being able to detect dynamic

and static loads and work well when detecting very low frequency loads [72]. One method of

constructing piezoresistive sensors is to use a conductive rubber or foam above two separate

electrodes. The resistance of the material changes under load and is detected by measuring

the resistance between the two electrodes [73]. This method was used by Koiva et al. (2013)

to develop a small fingertip sensor containing 12 taxels. By printing the electrodes on flexible

PCB the resulting sensor was able to conform to the shape of a human fingertip and had a data

collection frequency of >1 kHz [74]. This flexibility also allows for tactile fabrics to be created

which would be beneficial for a tactile skin [75]. However, piezoresistive sensors are sensitive to

changes in temperature and suffer from high hysteresis [76].

Piezoelectric sensors have numerous advantages including: high frequency range (>500 kHz),

high repeatability and insensitivity to electromagnetic fields and radiation [77]. The significant

disadvantage is that they can only be used for dynamic tactile sensing. Materials such as

polyvinylidene fluoride (PVDF) have been used to develop tactile sensors for applications such as
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endoscopy [78] robot grasping [79]. Goger et al. (2009) combined piezoelectric and piezoresistive

technologies to develop a tactile sensor which could detect both static and dynamic loads [80].

2.2.2 Barometric Sensors

At its heart, the majority of barometric sensors can be thought of as a subset of piezoresistive

sensors as many of them use microelectromechanical systems (MEMS) barometers embedded

in a material such as liquid, rubber or foam. Zillich & Feiten (2012) use a piezoresistive MEMS

barometer surrounded by foam to create small (25x25mm) sensors which are suitable for covering

a curved surface and therefore acting as a skin [81]. The TakkTile [82], has mutliple MEMS

barometers cast in rubber to create a tactile array. Such barometric sensors are cheap to produce

and have a reasonably high data output frequency (~100 Hz) but do usually suffer from poor

localisation accuracy (~1mm) [83] and spatial resolution due to the size of the barometer chip.

Sensors using MEMS barometers embedded in liquid do not suffer from the low frequency

response of rubber and can therefore detect much higher frequency signals. The BioTac (SynTouch

LLC) [84, 85, 86] has the ability to detect frequencies up to 1 kHz and is also multi-modal;

containing temperature and impedance sensors as well as the barometer. This combination has

proved successful with the BioTac being deployed in multiple scenarios such as texture detection

[87] and medical examination [88].

2.2.3 Capacitive Sensors

Capacitive sensors operate by having a dielectric material sandwiched between two conductive

plates. When the sensor is compressed under load the capacitance changes. Capacitive sensors

are, perhaps, the most encountered due to their prevalence in mobile phone touch screens. They

are not solely restricted to normal forces; Lee et al. (2009) embedded multiple capacitors in

polydimethylsiloxane (PDMS) to detect both normal force and shear force [89]. Many well known

robotic hands and platforms have utilised capacitive technology as their tactile sensor [69]

including the iCub fingertip [90], the Allegro hand [91], the PR2 grippers [92] and the Robotiq

Adaptive Gripper [93]. Capacitive sensors can suffer from creep where the reading slowly changes

over time despite a constant load.

2.2.4 Quantum Tunnel Effect Sensors

Quantum tunnelling is a quantum mechanical phenomenon where a particle can pass through

a potential barrier with higher energy than the kinetic energy of the particle; thus making it

forbidden by the laws of classical dynamics [94]. This effect, which is important in maintaining

fusion in stars [95] has been applied to robotics through Quantum Tunnel Composites (QTC).

QTCs are electrical insulators which, under load, become conductors when metal particles in

the material are close enough for electrons to tunnel through the material, thus generating a
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potential difference. QTC sensors are highly sensitive and have been made into a flexible arrays

[96] and integrated onto robotic hands [97, 98].

2.3 Optical Tactile Sensors

As the work presented in this thesis uses an optical tactile sensor, the TacTip (and variants

thereof), it is beneficial to look at other optical tactile sensors and draw comparisons with the

TacTip. The fundamental working principle behind optical tactile sensors is to use an electronic

sensor - usually a CMOS/CCD camera - to ‘see’ features on the sensor surface. These features can

be anything that is visable by a camera for example embedding markers or pins in the surface

(as with the TacTip) or using multiple small rubber pyramids and LEDs to generate shadows

[99]. Each pixel in the image becomes a taxel which, depending on the resolution of the camera,

can give the sensor very high dimensionality.

A major benefit of this approach is that the delicate and potentially expensive part of the

sensor, the camera, is kept away from the contact surface so that in the event of damage to the

sensor the camera is unaffected. If the surface of the sensor is easy to manufacture and replace

this minimises down-time. Additionally, advances in camera technology and computer vision are

able to be leveraged by optical tactile sensors. The remainder of this section will focus primarily

on the TacTip but also discuss other optical tactile sensors. For further reading see recent reviews

by Shimonomura [100] and Abad et al. [101].

2.3.1 The TacTip

The TacTip was originally presented by Chorley et al. (2009) and the fundamental operating

principle has not altered greatly since [2]. The sensor consists of a 3D printed rubber-like

hemisphere with white protrusions on the inside which mimic the intermediate ridges in the

human fingertip. The sensor is filled with transparent silicone gel and sealed with an acrylic

lens. A CMOS camera mounted above the lens views the protrusions, hereafter referred to

as ‘pins’ as they contact objects and surfaces. Originally, the TacTip used a CCD camera but

more recent iterations use a CMOS sensor. Using super-resolution methods the TacTip has

achieve a resolution of 0.1mm when localising the TacTip on the surface of an object [102]. The

TacTip has also been used for a wide variety of tasks such as contour following, edge detection

and manipulation with many different software methodologies including Bayesian sequential

analysis [103], maximum likelihood estimation [104], Principal Component Analysis [105] and

Deep learning [106].

The surface of the TacTip is generally smooth, however Cramphorn et al. (2017) [107] added

small nodules which mimic the human fingertip to the surface. The nodules are comparable to

the epidermal ridges of the human fingertip and the pins are comparable to the Merkel cells.

The localisation perception of the sensor with a fingerprint provided a 140-170% improvement
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over a sensor without a fingerprint. Work has also been performed on using the TacTip as a force

sensor. Giannaccini et al. (2016) [108] pressed the TacTip vertically against a load cell at various

compression depths as a calibration procedure. They found that a 7mm compression of the TacTip

is possible before irreversible damage occurs and could differentiate between depths differing by

0.5mm. Other work has included texture analysis [109] and lump detection in soft tissue [110].

Other camera technologies have been used in the TacTip. Pestell et al. (2018) [111] integrated

a 30x30 pixel optical mouse sensor (ADNS-3080 [112]) into the TacTip. The sensor can be

operated in two modes: high frequency (2 kHz) which returns various statistics of the image such

as movement of features in the image, maximum pixel value and image quality (a measure of

the number of features present in the image); and low frequency mode (3 Hz) which returns the

30x30 image. These modes were used to detect sensor orientation and modulate sensor contact

depth when performing a 3D contour following task. Ward-Cherrier et al. (2020) have used

neuromorphic camera technology with the TacTip to perform texture classification using various

spike train encoding methods [113]. Neuromorphic cameras provide an efficient way to transmit

information by only providing information about changes in the image from one frame to the

next. Up to 12 million events can be detected per second and by detecting events instead of the

entire image the power consumption of the camera is reduced [114].

2.3.2 Other Marker Based Solutions

Many other optical tactile sensors work on the principle of having markers embedded in the

sensor skin within a gel. For example, the GelForce has two layers of markers embedded in an

elastic substance whose positions are read by a camera; a design very similar to the TacTip [115].

In the original paper the GelForce was able to determine the force applied to an accuracy of 0.3N

and the angle of the force (with respect to the normal) within 5 degrees. Originally, the camera

was not integrated into the sensor; however, later work involved the development a GelForce

finger sensor with a 60fps VGA camera [116].

Lin et al. (2020) presented an optical tactile sensor where magenta and yellow markers are

embedded in different layers of a clear elastomer and then folded into a hemispherical shape

before being imaged by a camera with a fisheye lens [117]. The relative movement of the different

coloured markers allows for an estimate of the 3D motion of the sensor which was used to

determine the curvature of stimuli with only a 1mm contact depth. This sensor is an evolution

of the earlier ChromaTouch sensor by Lin & Wiertlewski (2019) which had a similar working

principle but had a planar surface rather than curved [118]. The justification for curving the

sensor was that it allows the sensor to contact a wider variety of surfaces - for example a flat

sensor cannot be deformed by a concave object.

The sensors presented in this section so far all involve using large images of 640x480 pixels

or similar and are all single-mode. Knoop et al. (2013) [119] developed a dual-mode optical tactile

sensor that uses a CMOS sensor with only 18x18 pixels. A transparent resin sits inside a black
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Figure 2.4: The pyramidal tactile elements developed by [99]. The left hand image highlights
a single pyramid within the deformable rubber surface and the right hand image gives the
dimensions of each pyramid in mm. © IEEE [2016]

rubber hemisphere with painted white dots. The dots are approximately 1mm in diameter and

spaced 2mm apart. The imaging system is a tracking image sensor with onboard Digital Signal

Processing which allows for a frame rate of 1500Hz. This outputs the movement of objects in

x and y as well as raw pixel values. Extracting the entire image slows the frame rate down

to 4.6Hz. The authors used both modes of operation with the higher frame rate being used to

quickly estimate the normal force applied to the sensor and the lower frame rate mode to gain

a more accurate force estimate. They compare the use of two modes to humans who will make

quick decisions or more calculated ones depending on the situation. The high speed mode would

certainly be useful for slip detection as it is a situation that requires a very fast response.

2.3.3 Skin Reflection

Corradi et al. (2015) [120] presented a low cost optical tactile sensor, the Bath Tip, which is very

similar to the TacTip. It consists of a 40mm radius hemisphere illuminated by LEDs and an

eSecure USB webcam. Unlike the TacTip it doesn’t contain pins or gel. When the tip is in contact

with an object the surface deforms changing the pattern of shade on the inside of the hemisphere.

The camera records this shading pattern to determine the properties of the object. The Bath Tip

was able to recognise and distinguish between ten common household objects with 95% accuracy.

The camera in the Bath Tip runs at 30 frames per second which is common for USB webcam

devices.

Kolker et al. (2016) [99] developed an optical tactile sensor where the tactile elements are

rubber pyramids whose centres are 5mm apart (Fig.2.4). These pyramids are viewed by a VGA

USB camera. When illuminated the elements show up as triangles but contact with objects

deforms the rubber hence the areas and locations of the triangles are altered. This can be thought

of as a combination of the TacTip and the Bath Tip. There are distinct tactile elements, as with

the TacTip, but they are the same material as the rest of the exterior of the sensor, as with the

Bath Tip. The experiment presented in the paper focusses on using the sensor as a 3D force
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sensor. The authors claim it has ‘high sensitivity’ however do not give specific values or tolerances

to substantiate this claim. They do provide computational timings with the image processing

taking 27ms and the frame capture running at approximately 18 frames per second which is

significantly lower than the TacTip.

Another optical tactile sensor is the GelSight, first presented by Johnson el al. (2009) [121].

The original iteration consisted of a reflecting elastomeric gel whose surface topography is

measured when the sensor deforms due to contact with an object. Initially the camera system

wasn’t integrated into the sensor and instead captured the gel from 40cm away but subsequent

work resulted in a GelSight soft fingertip with an integrated webcam running at 30fps [122].

The GelSight has been since used for many purposes such as detection of lumps [123], texture

classification [124] and slip detection [125].

2.3.4 Other Optical Solutions

Optic Fibres: This method means that expensive and often bulky imaging equipment can be

moved away from the tactile surface yet keep the large amount of data available by using optical

systems. Baimukashev et al. (2020) [126] presented a novel sensor where a multicoloured circular

silicone surface is imaged using plastic optical fibres and as the sensor deforms shear and torsion

are calculable.

Total Internal Reflection: (TIR) is a phenomenon where all light incident on a surface of

different refractive index is reflected and none is refracted. Interestingly, one of the first optical

tactile sensors utilising TIR was by Chodera (1957) for the purpose of pedobarography - the

measuring of the pressure distribution caused by feet [127]. In this case the feet indent an elastic

foil surface and the pattern of light caused by TIR allows for a reconstruction of the pressure

across the feet. More recently Saga et al. (2014) utilised TIR for the reconstruction of objects

indenting a silicone sensor surface. A camera measures the distortion of a square chessboard

pattern due to TIR from which the shape of the indenter can be determined [128].

2.4 Tactile Dexterous Robotic Manipulators

The previous section discussed the variety of tactile sensors in existence. In this section we will

give a brief overview of dexterous manipulators with an emphasis on under-actuated hands

before discussing the integration of tactile sensing to robotic hands and grippers.

2.4.1 Dexterous Manipulators

The world of robotic hands is incredibly diverse with solutions ranging from two finger pinch

grippers [129, 130, 131] to under-actuated hands with multiple joints but only a single actuator

[132] to highly anthropomorphic hands with ten [133] or twenty degrees of freedom [134]. The

choice of design depends on the desired use-case and control system at one’s disposal. The
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ultimate goal is to exceed the human level of grasping capability in a similar manner as has

been achieved in strategy games such as Chess [135] and more recently Starcraft II [136] and Go

[137]. To briefly cover the landscape of manipulators we will segment the discussion into visual

design (gripper, anthropomorphic, non-anthropomorphic) and actuation capability (fully-actuated,

coupled and under-actuated) [138, 139].

Anthropomorphic hands take a biomimetic approach in their construction; using the

structures of the human hand as a blueprint to make design decisions. Key features include an

opposable thumb, parallel fingers and a palm. The number of digits varies with many having all

five [140, 141, 142] but others having fewer [143, 144].

The justification for an anthropomorphic approach is clear; the human hand is used to great

effect to manipulate objects over a wide range of sizes with a skill level which far exceeds any

existing robotic system [145]. Other benefits include prosthesis [146] and tele-operation [147]

where a controllers hand movements must be precisely copied. The disadvantage is that the

human hand is extremely complex. Not only do actuators need to be small to ensure the unit

remains compact, powerful enough to lift a variety of objects and precise to allow for delicate

manipulation but a control system is required to perform tasks.

Non-anthropomorphic hands seek to remove some of the complexity of anthropomorphic

hands whilst maintaining strong grasping capabilities. Mathematical and engineering principles

such as kinematic modelling of the fingers [148] are used to inform the manipulator design

instead of mimicking nature. This results in a variety of different styles often including multiple

opposable finger configurations (for different types of grasp) and identical fingers [149, 150].

Non-anthropomorphic hands are, perhaps, limited in versatility when compared to their highly

complex anthropomorphic cousins and with continued advancements in manufacture and control

may eventually struggle to compete.

Grippers consist of two parallel fingers facing each other whose operation is limited to

performing pinch grasps and simple rolling maneuvers. There is variety, albeit small, within the

world of grippers with single DoF parallel grippers [151] to four-bar linkage mechanisms which

allow for simple planar manipulation [131]. This simplicity does, clearly, limit their operating

capacity but - as discussed in the next section - when combined with tactile sensing they can be

highly effecting grasping platforms.

Actuation design is another area where the complexity of robot hands can be segmented.

First, it is helpful to distinguish between the degrees of freedom (DoF) and the degrees of

actuation (DoA). DoF describes the number of modes of motion the mechanical system can make

whereas degrees of actuation is the number of controllable actuators the system contains. Fully

actuated hands have an equal number of DoF and DoA thereby providing a single actuator for

each joint. Examples include the DLR Hand II which contains thirteen DoF and has been used

for manipulating and catching objects and even playing the piano [152].

Coupled actuation is used to lower the number of actuators in a system by having the motion
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of some joints dependent on others. DLR/HIT Hand II, which contains five identical fingers

with four joints where the last two joints are coupled to reduce the degrees of freedom [153].

Historically fully actuated and coupled mechanisms were the most commonly seen solutions [139]

but in recent years under-actuation has become increasingly popular.

Under-actuated mechanisms allow for passive movement of joints in a robot hand through the

use of springs and mechanical limits resulting in fewer actuators than DoF [154]. For example,

when closing on an irregularly shaped object, when one joint contacts the object and can move no

further the force transfers to the subsequent joint which actuates until contact is established.

This greatly simplifies the control systems required to grasp objects and by removing motors space

and weight is saved. For example the IIT-Pisa SoftHand contains five fingers and nineteen joints

yet uses only a single actuator to close the hand into a grasping configuration [132]. The hand

was able to grasp over 100 objects because its morphology could adapt to each object. Further

work has involved development of a tactile human-SoftHand interface for teleoperation [155] and

performing safe human-to-robot handover tasks [156] which demonstrates the versatility of the

underactuated system.

The OpenHand project develops open-source under-actuated robotic hands where many of the

parts in the hand can be 3D-printed to ease in rapid prototyping and distribution to end-users

[157]. Their first offering was the Model-T, which contains four identical fingers on a hand with a

single actuator [158]. Despite the seemingly limiting factor of having a single actuator the Model

T, with its underactuated design, is able to grasp a wide variety of objects.

Another OpenHand offerring, the Model O, is an open-source version of the three fingered

i-HY hand [159] which won the ARM-H track of the DARPA manipulation challenge [160]. In fact,

such is the increasing popularity of underactuated hands that in DARPA Robotics Challenge none

of the entries were fully actuated anthropomorphic hands [139, 161]. The Model O is also 3D-

printed and underactuated but has three fingers which are individually controllable by a single

actuator. Two fingers have a coupled rotation at their base allowing for adduction and abduction

thus providing a fourth degree-of-freedom. The Model O used this increased functionality to

successfully grasp objects as small as a key and as large as a drill.

Actuation Method describes how the fingers in a hand are actually moved. Many of the

hands described so far are tendon driven; this includes the Model O [159], the Xu & Todorov hand

[133] and of course the human hand. The operating principle is that the motors are connected to

the joints via a cable and when force is applied by the motor the joints actuate. This allows for

motors (which are often heavy) to be kept away from the joints and stored in areas with more

space such as the wrist.

Other systems use solid linkages to transfer the force between motor and joint. This is

common in pinch grippers such as the GR2 [131]. Some robotic hands have the motor integrated

into the joint so that when the motor is moving the joint is directly actuated - albeit often with a

series of gears. The Allegro hand [91], for example, has a small unit at the joint containing a DC
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motor, gears - to lower the gear ratio - and a joint angle sensor.

Another actuation method used is pneumatics, such as by the RBO Hand 2 [142] which uses

seven inflatable PneuFlex actuators [162]. This design gives a highly dexterous hand, performing

all but one of the poses in the Kapandji test [163] for evaluating human hand dexterity.

2.4.2 Integration of Tactile Sensors to Dexterous Manipulators

The fundamental motivating question behind tactile dexterous manipulators is: do tactile sensors

improve the grasping and manipulation performance of robotic hands? Despite the undeniable

usefulness to human grasping many robotic manipulators omit tactile sensors and use solely

vision based grasping [164, 165, 166] or force and impedance sensing [167]. This may be a case

of demonstrating the advances of data-driven methods such as Deep Learning in relatively

controlled environments [168] as a comparison to tactile-enabled systems is not performed.

Unfortunately, very few comparisons have been performed but in cases where it has been tactile

sensing provides a marked performance increase [169, 170].

The TacTip has been mounted on robotic grippers and used to perform manipulation tasks.

Ward Cherrier et al. (2016) used a variation of the TacTip, the TacThumb, to locate the position

of a small cylinder that was being rolled along the surface of the thumb [171]. The TacThumb

was mounted on a gripper based on the M2 gripper [172] which is itself an extension of the Yale

OpenHand project [158]. More recently Ward-Cherrier et al. integrated the TacTip onto a GR2

two-fingered gripper [131] (Fig. 2.5) and performed manipulation of cyclinders held in a pinch

grip [173].

Pestell et al. (2019) [174] integrated the TacTip onto the three fingered shadow modular

grasper (Shadow Robot Company [175]). They extracted contact location and pressure information

which enabled them to securely grasp objects from the YCB object set [176]. Having the TacTip

technology already integrated on a hand will allow for a future research involving the integration

of slip detection into the existing hands to be undertaken. Cramphorn (2019) [138] developed a

fully actuated seven DoF hand with a modified TacTip on each of the six finger linkages (two per

finger).

Looking beyond the TacTip, two GelSight optical tactile sensors were integrated onto a two

finger parallel gripper and used for slip detection [15]. A slimmer version of the GelSight, the

GelSlim, reflects the light signal down the finger to a camera module at its base [129]. This allows

for the camera to be mounted in the base of the finger facing along its axis, thereby reducing

the size of the sensor. More recent papers have continued using the GelSight for tactile object

recognition [177] and surface-normal estimation [178].

Another bespoke tactile gripper is the FingerVision first presented by Yamaguchie and

Atkeson (2018) [179]. It consists of a two layers of transparent silicone skin, one hard and one

soft, with embedded black markers and was integrated onto a Baxter 1 DoF pinch gripper. The

transparent skin allows for objects to be viewed directly and the markers provide further tactile
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Figure 2.5: The TacTip integrated onto a GR2 gripper [131]. Image taken from [173]

information about the contact and has been used for such tasks as cutting vegetables and object

manipulation [180].

Other widely-used platforms include the anthropomorphic iCub hand with integrated capaci-

tive sensors [181], the Shadow hand with BioTac sensors placed at the fingertips [182] and with

fabric and capacitive tactile sensors [74], the 4-fingered Allegro hand with PPS capacitive sensors

[91] and with BioTac sensors [183] and the TWENDY-ONE hand with embedded force-torque

sensors and a tactile skin [184]; this last hand was the first to use deep learning for object

recognition. In addition, the i-HY hand used in this study has been integrated with MEMS

barometric TakkTile sensors, to give a basic array of 4 pressure-sensitive taxels on each fingertip

[159].

Testing of tactile enabled hands has largely taken the form of collecting a dataset of grasps

on various objects and using various machine learning methods to try to distinguish between

them. Spiers et al. (2016) use 11 objects from the Yale-CMU-Berkeley (YCB) object set [176] using

data from an array of barometric pressure sensors attached to a two-fingered hand and classify

them using random forests [185]. They obtained a validation accuracy of 94% when the objects’

orientations were unconstrained.

Flintoff et al. (2018) also use random forests on a two-fingered hand containing barometric

sensors and the Google Soli radar sensor [186] to classify 26 objects, obtaining 99% validation

accuracy [187]. Schmitz et al. (2014) [184] identify a set of 20 objects with an accuracy of 88%
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using a deep neural network on the four-fingered TWENDY-ONE hand [188]. Watkins-Valls et

al. (2019) grasp 8 objects from the YCB dataset using visuo-tactile data. Using a tactile enabled

Barrett hand they achieve 87.5% lifting success [189]. Li et al. (2014) use BioTac sensors attached

to a four-fingered Allegro hand [190] to predict when a grasp is failing and deploy two strategies

to find a stable grasp [191]. Cockburn et al. (2017) use a 4x7 tactile pressure array to predict

grasp failure with 83.7% accuracy on a dataset of 54 object [192].

Another important area of manipulation is haptic exploration for determining object features

such as shape, stiffness and texture. Humans are highly skilled at identifying objects from touch

alone [31]. Okamura et al. (1997) use a two-fingered manipulator with strain gauges and an 8x8

tactile array for haptic exploration. The geometry of a sphere with a small ridge was determined

using a controller by sliding one finger over the surface and rolling the object [193]. Yang et al.

(2013) developed a controller which is able to determine the stiffness and shape of an object

[194]. This controller operates without a contact force sensor which reduces the cost of the overall

system. Falco et al. (2019) use a combination of vision and an opto-electronic deformation sensor

to classify objects by exploring their surface and determining their shape [195].

2.5 Slip Detection Using Tactile Sensors

Tactile slip detection is the ability of a tactile sensor to determine when the contact area of an

object being touched is moving relative to sensor surface. Reliably detecting slip is beneficial as

it can be used as a sensory signal of when a grasped object is insecurely held and a physical

response can be activated to prevent an object being dropped. Slip detection research can be

broadly split into three categories [16]:

1. Slip prediction, where tactile signals can be used to predict when slip is about to occur.

2. Incipient slip, where part of the contact surface slip but the remainder is static.

3. Gross slip, where the entire contact surface area is slipping relative to the object.

When an object slips it will undergo these three stages in the above order; however, it is often

helpful to describe them in reverse order to aid in providing intuition about the physical processes

occurring. Gross slip is the final stage of slip where the object is completely slipping and an action

must be swiftly taken to prevent it falling from one’s grasp. This is the most prominent stage and

is characterised by clear movement of the sensor surface and of the object as frictional forces are

insufficient to keep it in place.

Incipient slip, the preceding stage, is characterised by slippage of parts of the surface whilst

other areas remain static. In principle, this means that certain areas of contact will be moving

relative to others which should be detectable. Incipient slip allows one to use physical movement

of the sensor surface to determine that an object is insecurely held and take an action with

minimal movement of the object.
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Finally, it may be possible to predict that slip is likely to occur by modelling the interaction

between sensor and object [196] or using a data-driven machine learning method to learn

tactile features which precede slip [197, 198, 199]. Either way, to be robust to changes in object

morphology, weight and texture one would need a very high fidelity model or a large dataset. I

will now discuss relevant literature on slip detection focussing chiefly on gross and incipient slip

as the work in this thesis involves the development of sensors and methods for the detection of

those two phenomena.

Slip detection is an ever expanding field of interest with publication output expanding ten-fold

since the early 2000s [200]. To cover it in detail this section will separate slip detection research

into three categories. First, we will address slip detection research using single sensors and pinch

grippers. Next, we will examine solutions using three or more fingers on a robotic hand before

finally moving on to incipient slip research. There is, naturally, some overlap between these

section but where incipient slip is the main area of interest in a paper it will be discussed in the

third section.

2.5.1 Single Sensor & Grippers

Slip detection has been an area of study from the late 1980s. Early papers include those by Howe

et al. (1989) [12] and Tremblay et al. (1993) [201] who used accelerometers embedded behind

a ‘skin’ to detect when the surface of the sensor was slipping. More recently Hirai et al. (2010)

developed a model of a compliant tactile sensor consisting of many ‘virtual’ cantilevers connected

by springs [202]. The compression of the cantilevers models the normal force and the movement

of the springs models shear and torque. This allowed for a mathematical model of slip to be

created and tested. To test the model the authors placed a series of ridges on a semi-cylindrical

surface and by using a load cell and force/torque sensor were able to extract information from

the ridges. The sensor was slid across a horizontal surface at low speed (3-4mm/s) and slip was

detected offline. They also investigate incipient slip and their results suggest that the centre of

contact - the area subject to the highest normal force - is not the last to start slipping as one

would intuitively suggest. The authors did not perform any experiments with an object falling

under gravity which would lead to much greater slipping speeds.

Kondo et al. (2011) developed a fabric of electroconductive yarns whose electrical resistance

depends on how stretched the fabric is [203]. At the moment directly prior to slip the extension

of the yarns is at a maximum, leading to a minimum in resistance. It is the sharp increase in

resistance when slip starts to occur that the authors used to detect slip. By performing a discrete

wavelet transform to the resistance a threshold for slip was set. However, the authors mention

that this isn’t a very robust method and would require a more sophisticated classification method

to work on varying loads and surfaces.

Yuan et al. (2015) used a GelSight tactile sensor to detect slip. They plotted the deviation of

the markers in the sensor from their rest positions as a vector field and calculated the entropy
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Figure 2.6: The Gelsight sensor with overlayed displacement arrows. The left hand image shows
the effects on marker location due to a small load and the right hand image shows the effect of a
large load [125]. © IEEE [2015].

[125] (Fig. 2.6). It was noticed that slip was occurring at higher entropy and they were able to use

a threshold to both detect slip and predict its occurrence. They built a gripper for the GelSight

and show a graph of the entropy when an object is being pulled from the grip which shows a clear

rise in entropy. The authors claim this phenomena is present when a variety of different objects

are pulled from the gripper however they don’t use any form of ‘online’ control to react to the

object being removed nor do they state whether the threshold for slip would vary from object to

object. The simplicity of the model is useful but there isn’t much evidence that it is very robust.

It seems as if there would need to be prior knowledge of the object’s shape and weight to know

what the entropy threshold is, however the authors don’t discuss this. Further work with the

same sensor involved GelSight sensors integrated onto a two-fingered gripper used slip detection

to determine whether a grasp was stable and regrasp if necessary [15].

A similar sensor, the FingerVision, also uses markers embedded in a soft gel to perform slip

detection [14]. They use a convolutional LSTM neural network to detect slip and obtain a 97.62%

classification success rate but do not detect slip in real time in grasping experiments. Meier

et al. (2016) use a piezo-resistive tactile array [204] and train a convolutional neural network

which can classify at 125Hz [13]. They claim a 97% success rate but don’t perform any online

experiments so it’s unclear how it would perform in a real-world scenario.

Massalim et al. (2020) [205] use accerometers embedded in silicone in the fingertips of a

Schunk EGN100 pinch gripper to detect slip. An object is slid over the fingertips and several

methods including Deep CNNs, LSTMs and feed-forward networks are compared. In their work

the CNN was most successful at detecting slip and was able to do so within 17ms of its onset.

Many of the previously mentioned tactile sensors were constructed for slip detection however

there are commercially available tactile sensors which have been applied to the task including

the BioTac which has been mentioned previously. Veiga et al. (2015) use a BioTac sensor and two
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Figure 2.7: The BioTac securing a watering can against a wall. This was part of the data collection
method undertaken by [197]. © IEEE [2015].

machine learning classification methods to detect and predict slip [197] (Fig. 2.7). They collect

data from objects slipping past the sensor and train binary classifiers using Random Forests and

Support Vector Machines. The ‘ground truth’ for the slip was determined by filming the objects as

they fell however the camera was running at a much lower frame rate than the BioTac (which

was being used at 100Hz). They use Random Forests to perform ‘online’ slip detection on seven

different objects including a box and a ball. They test each object ten times and achieved up to

100% success depending on the classifier used. No single classifier performed well for every object

so despite the high success it lacks robustness. Additionally, they performed slip prediction by

training the classifier on data up to twenty time-steps prior to slip onset.

Other work using the BioTac for slip has included Zapata-Impata et al. (2019) [206] who

used a convolutional LSTM network to detect slip and its direction which could help to inform a

corrective action. Additionally, Reinecke et al. (2014) [207] compare several methods including

friction cones, a bandpass filter and a random forest. They note that all methods are able to

detect slip but make no conclusion of which is best but also give very little quantitative analysis

of their results.

Other research builds on slip detection methods by implementing more complex control

systems for decision making when slipping. Heydarabad et al. (2017) compare Super Twisting

Sliding Mode Control (STSMC) and First Order Sliding Mode Control (FOSMC) when preventing

an object being dropped (or damaged) after the onset of slip [151]. Sliding Mode Control is a

system where a controller will switch between different control schemes according to some input.

The input in this case is the amount of object slippage - which the controller wants to minimise

- and the output is the motor control. The experiment involves grasping an object with a one

degree of freedom, two finger gripper and suddenly adding weight to test how well slippage is

prevented. Both control modes perform well however FOSMC exhibits a severe ‘chattering’ where
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the motor controlling the gripper is highly active and therefore not very efficient. STSMC does

not exhibit this chattering which is its main benefit over FOSMC. For a more detailed description

of Sliding Mode Control see [208]. Cirillo et al. (2017) presented a slip avoidance algorithm using

a six-axis tactile sensor that measures both Force and Torque in three directions [209]. They

have two separate control systems; one for quasi-static conditions and one for dynamic. The slip

avoidance model defines a region of force-torque space where slip is prevented and depends on

the coefficient of friction and the contact area.

2.5.2 Multi-fingered Manipulators

A further study to the initial slip detection study by Veiga et al. with a single BioTac [197] used

up to five BioTac sensors on two different hands to stabilise grasped objects and prevent them

from being dropped [183]. The control mechanism increased normal force on an object when slip

was predicted and slowly released its grip to find the optimum grasping strength. This is useful in

finding the sweet spot between grasping too tight and damaging an object and too loose causing

slippage.

Vina et al. (2013) use wrist mounted force-torque sensors on a dual arm robot (model unspeci-

fied) with three fingers per hand to predict slip using Gaussian Processes (GP) [210]. They use

GPs to determine the maximum torque and forces before slip onset given the current state of the

grasp. This was tested by using one hand of the robot to push or rotate the object and see how the

model predicted the onset of slip. Despite only being performed on a single object (cuboid cereal

box) the model’s strong prediction performance demonstrates that kinesthetic tactile sensing can

be used in a similar manner to cutaneous tactile sensing when predicting slip.

An array based tactile sensor was developed by Wang et al. (2019) [211] where voltages across

nine electrodes (in a 3x3 array) can be measured to determine grasping force. Three such sensors

were attached to a RightHand robotics ReFlex three-fingered hand and by tuning the Wavelet

coefficient on the discrete wavelet transform of the tactile date they were able to determine when

slip was occurring. However, no regrasping takes place and the object set was limited to three

objects so it is unclear how well the method would generalise.

Su et al. (2015), again, use a BioTac sensor to detect both rotational and linear slip but train

a neural network as the classifier and claim an 80% classification success rate [198]. They also

perform one experiment to determine grasping force required to lift a jar and maintain stability

when more weight is added. This does demonstrate the methods ability to be used online but

more than one test is required to make any claims about its successfulness.

Stachowsky et al. (2016) used contact force sensors to detect slip on a held object and also

when picking up various objects to determine, in real time, the required grasp strength [212]. Li

et al. (2017) used a Barrett three fingered hand with a 3x8 tactile array and a force sensor on

each fingertip to detect slip. They used an SVM and achieved up to 96% success at detecting slip

on a variety of objects, although the hand did not react to prevent the object from being dropped
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once slip is detected [213]

2.5.3 Incipient Slip

In an early study Canepa et al. (1998) developed a sensor consisting of two layers of PVDF which

allowed for the measurement of normal and shear stress [214]. The sensor itself was flat but

various differently shaped convex indenters were pressed against the sensor and incipient slip

was detected using a neural network. Here, they detected the ‘amount’ of incipient slip occurring

by defining it as the ratio of tangential force to the maximum tangential force prior to gross slip

onset.

Dong et al. (2019) were able to detect incipient slip using the GelSlim sensor by observing the

movement of markers on the periphery of the contact surface when grasping various objects in a

pinch grasp [215]. By assuming that the periphery of contact is subject to the lowest frictional

force and therefore liable to slip first. When a predefined number of peripheral markers moved

- whilst markers closer to centre of contact remained static - incipient slip was defined to have

occurred.

Su et al. (2015) observed vibration in BioTac sensors to predict slip was going to occur 30

ms before it was detected by an inertial measurement unit atop an object [198]; however, the

authors provide no direct evidence that the mechanism allowing them to achieve this detection

was indeed incipient slip despite their claims in the paper.

Rigi et al. (2018) used a DAVIS event-based neuromorphic camera to detect incipient slip.

Neuromorphic cameras return ‘events’ which indicate which pixels in the image have changed

between frames - rather than returning the raw pixel value as done by traditional CMOS cameras

- and this effect is used to reconstruct the surface contact area and detect when parts of it move

[216]. There is some question of how reliable the contact surface are reconstruction is which may

place some doubt on whether incipient slip is occurring. No examination of the accuracy of the

reconstruction in undertaken so this remains an open question.

Feng and Jiang (2019) use a Fiber Bragg Grating (FBG) embedded in flexible silicone. The

grating consists of a series of small optic fibre sections within another optic fibre with lower

refractive index [217]. The grating will only allow certain wavelengths to pass whilst reflecting

the rest. As the wavelength of the reflected light depends on separation of the grating sections

when the sensor undergoes strain the reflected light wavelength will change. When slip occurs,

there is a notable shift in the wavelength of the reflected light and the authors declare this

moment to be incipient slip onset. Again, no ground truth is provided showing partial movement

of the sensor surface so the presence of incipient slip in this case remains unverified.

A novel sensor for detecting incipient slip was presented by Khamis et al. (2018) [218]. The

PapillArray consists of a 3x3 array of silicone pillars of differing heights. When compressed and a

shear force applied, the pillars further from the centre - which are shorter and therefore under

a smaller normal force loading are encouraged to slip before the central pillars. By measuring
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Sensor Name Sensing Mode Sampling Frequency Sensor Resolution
N/A [214] Piezoelectric 100 Hz ∼0.6cm linear taxel separa-

tion
GelSlim [215] Optical 30 Hz 640x480 pixels
BioTac [198] Multimodal

(Pressure)
2.2kHz sample,
300 Hz controller

N/A (Single sensor)

DAVIS [216] Neuromorphic
Optical

1 kHz 190x180 pixels

PapillArray [218] Photodiode 17.9 kHz 3x3 square array
15mm separation

N/A [220] Capacitive 100 Hz 3x3 square array
13mm separation

Table 2.2: Summary of sensors and studies for incipient slip. These results display the variety of
sensing modes, sampling frequencies and resolutions which are able to detect incipient slip. Note
that for the BioTac despite being multimodal it is the pressure sensor which is used to detect
incipient slip. Additionally in the first row the sensor had taxels laid out linearly, not in a 2D
array.

differing pillar deflection with an external camera the question of whether incipient slip actually

occurs is definitively answered and this independent movement of pillars is sufficient to detect

incipient slip. The PapillArray pillars can also be used to estimate the coefficient of friction and

force, and are highly sensitive to vibration [219].

Similarly to the above, Narita et al. (2020) [220] developed a 3x3 tactile array which instead of

being optical uses electrodes to measure the pressure at each taxel. They present a mathematical

treatment of rotational incipient slip and use it to develop a grasping force control algorithm to

prevent objects from falling when they are allowed to rotate from a pinch grasp. Whilst their

results show flawless success at regrasping three slipping objects - including a delicate chocolate

Eclair - they do not provide conclusive evidence that incipient slip is indeed what they are

detecting.

These studies highlight the diversity of sensors used to detect incipient slip. A summary of the

primary results can be found in Table 2.2 which shows the varying modes, sampling frequencies

and resolutions. Due to multiple factors influencing the conditions when contacting an object

(including friction, contact area, sensor morphology) it is hard to quantify the requirements for a

sensor to detect incipient slip. However, this summary (Table 2.2) serves as a reference for future

sensors to know what has been achieved by the state of the art.

2.6 Concluding Remarks

In this literature we have presented an overview of slip detection in the field of robotics paying

particular care to the distinction between incipient and gross slip detection and the integration
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of tactile sensors into robotic hands and grippers.

There are two consistent points that arise from the examination of the literature. First; under-

actuated robotic hands have shown great success in recent years in reducing the complexity

of manipulators and yet retaining high success levels when performing tactile tasks. Secondly;

there is a significant, but not universal, issue with published works claiming to have detected

incipient slip with insufficient verification that this is the case.

Both of these points provide an excellent stage for the work undertaken in this thesis and the

questions it seeks to answer.
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3
SLIP DETECTION WITH THE TACTIP

This chapter concerns the initial work using the TacTip optical tactile sensor to perform

slip detection. This includes modifications to the TacTip and the development of a method

to detect slip in real time. This chapter begins by giving an overview of the TacTip, further

to that presented in the literature review, followed by a description of the experimental hardware

and software methods used. I then perform slip detection and stabilisation of 3D printed objects

of varying curvatures followed by a short extension where the same experiment is conducted

using several natural objects.

The work presented within this chapter has been published in the following peer-reviewed

publications. For each publication, a contribution statement is included:

• J. W. James, N. Pestell & N. F. Lepora. (2018). Slip detection with a biomimetic tactile

sensor. IEEE Robotics and Automation Letters, 3(4), 3340-3346.

Contribution statement: J. James conceived of the presented idea, performed modifica-

tions to the sensor, developed the method, carried out the experiments, performed the

analysis and wrote the manuscript. N. Pestell assisted with experimental setup. N. Lepora

supervised the project and performed critical revisions of the manuscript.

• J. W. James & N. F. Lepora (2018). Slip Detection on Natural Objects with a Biomimetic

Tactile Sensor. In Conference on Biomimetic and Biohybrid Systems (pp. 232-235). Springer,

Cham.

Contribution statement: J. James conceived of the presented idea, carried out the experi-

ments and wrote the manuscript. N. Lepora supervised the project and performed critical

revisions of the manuscript.
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3.1 Motivation & Scope

When grasping an object, humans are able to prevent dropping it by constantly adjusting their

grip [1]. This is possible due to our highly sensitive slip detection capabilities. Slip causes local

movement of the skin surface, activating the Meissner corpuscles that are densely concentrated

in our fingertips [9]. These mechanoreceptors initiate a reflexive action to minimise unwanted

object motion [221]. Replicating this behaviour in a robotic hand will yield a more sophisticated

sense of touch and enable complex object manipulation by reducing the likelihood of an object

being dropped [222].

Slip detection has been an active research area since the 1980s when Howe & Cutkosky

presented a solution using an accelerometer embedded in an artificial skin to detect slip [12]. They

also highlighted the importance of slip detection in allowing successful manipulation. Despite

many studies being performed since, slip detection is yet to be commonplace on commercially

available robotic hands [197, 209, 151, 125].

The development of a slip detection method with minimal data preprocessing and fast

classification speed would allow for slip to be checked with each data collection cycle, which

means processing power could be dedicated to computationally intensive tasks such as in-hand

manipulation. Ideally, such a method would require minimal training and be robust to changes

in experimental conditions, so individual tactile sensors could be easily calibrated to perform slip

detection accurately.

The aim of this work is to develop a simple, fast and robust classification method to detect slip

using a biomimetic optical tactile sensor, the TacTip [3]. The TacTip operates by measuring the

positions of internal pins embedded in its compliant skin surface, analogous to mechanoreceptors

embedded around the dermal papillae in the glabrous skin of our fingertips [2]. Here we propose

that pin motion is a strong signal of slip. We validate this proposition by showing accurate and

robust discrimination between static and slipping objects using a support vector machine (SVM)

applied to pin velocity data. Its effectiveness and utility are validated by performing experiments

where an object is allowed to slip, the slip is detected and the object caught in real time and,

crucially, before the object falls.

We build to this by performing three experiments. Firstly, we collect data of an object slipping

across the sensor surface and use this to train and validate a slip detection classifier. This is

known as ‘offline’ testing as its purpose is to provide a benchmark of how well the method works

prior to deployment in a more realistic setting. The second and third experiments involve ‘online’

testing with a set of bespoke 3D-printed and real-world objects respectively to test both the

classifier and experimental pipeline in real time. This is in pursuit of the first research question

posed in the introduction: Can a simple method be used with the TacTip biomimetic optical tactile

sensor to detect slip and prevent total loss of contact with an object?
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(a) (b)

Figure 3.1: (a) Cutaway view of 3D-printed TacTip showing the construction of the pins (b) Pins
are laid out in a uniform hexagonal pattern when viewed from above to enhance the ability to
resolve each individual pin. The inset image (red circle) shows the construction of a pin where a
cap of VeroWhitePlus is placed on top of TangoBlackPlus towers.

3.2 Hardware Methods

3.2.1 The TacTip

The fundamental design principle of the TacTip was to create a tactile sensor which mimics the

Merkel cell complex in the intermediate ridges in the human fingertip [3]. The intermediate

ridges are protrusions of the epidermis into the dermis of the fingertip and the Merkel cells sit at

the base of the intermediate ridges. These were initially mimicked by moulding rubber into a

hemisphere with a series of pillars on the inside. The top of these pillars were then painted white

to make them easily detectable by a camera. The hemisphere was sealed with a clear acrylic lens

and the resulting cavity filled with silicone gel [2]. The skin was stretched over and bound to a

plastic tube and the inside illuminated by LEDs.

The most significant change in the design has been to 3D-print the sensor which provides

significant advantages including rapid prototyping of designs and the ability to create near-

identical units in larger quantities. By using a multi-material polyjet 3D-printing process the

Property Value

Tensile strength (MPa) 0.8-1.5
Elongation at break (%) 170-220

Shore Hardness (A) 26-28

Table 3.1: TangoBlackPlus Properties [223]
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Figure 3.2: Exploded view of the TacTip. The entire unit can be mounted as an end effector to a
robotic arm. All experiments here are conducted using a Universal Robots UR5. Will add labels
later

solid elements of the design (pin caps, sensor base) and the flexible elements (skin, pin towers) can

be printed as a single piece thus removing elements of the construction process (Fig. 3.1). The solid

elements are printed in VeroWhitePlus and the flexible elements are printed in TangoBlackPlus,

a rubber-like material whose relevant properties are summarised in Table 3.1:

These properties allow the skin to stretch without breaking as the TacTip is deformed by

contacting objects of varying shape. One downside of TangoBlackPlus compared to the moulded

material is that it is less opaque. This means external light leaks into the tip which can make

resolving the pins difficult.

The remaining aspects of the construction remain the same. A clear acrylic lens is glued in

place and the cavity filled with silicone gel (Techsil RTV27905) and illuminated with a ring of

LEDs. The completed tip is attached to a mount containing the camera using a bayonet fitting

which can in turn be mounted as an end effector to a robot arm (Fig. 3.2).

3.2.2 TacTip Modifications

Detecting and reacting to slip is all about reaction time. An object in someone’s hand can go

from securely grasped to falling in a fraction of a second. Previous work with the TacTip has

never required high speed processing or reactions. For applications such as contour following

[224, 102] several frames of data are processed and a decision is made. This is acceptable for

contour following as the environment remains static but this is not the case when detecting slip.

The first change was replacing the camera. Previously the camera was a Microsoft Lifecam

Cinema USB webcam that runs at 30Hz. As highlighted in chapter 2 previous slip detection

methods have used a data stream running at approximately 100Hz and above. Many of these
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rely on systems where achieving a fast data stream is not difficult, however due to the size of

images being transferred (640x480 px) over USB the frame rate of USB webcams is limited.

A simple calculation can be performed to give an idea of the gains achievable by increasing

the frame rate. Assuming an object 5cm in height is being held in a pinch grip and using

t =
p

2as (3.1)

where t is freefall time, a is acceleration (taken to be 9.81ms−2) and s is freefall distance (5cm

in this case) gives 0.1s to catch the object. In reality we will have more time because we are

neglecting air resistance and friction, however, in many cases you would not be able to form a

secure grip at every point on the object and minimising the slip is essential to be able to regrasp

it. If we wanted to secure the object within 2cm (a more realistic distance) the time drops to 0.06s

which is less than two frames of a 30Hz camera. Rearranging equation 3.1 shows that freefall

distance s ∝ t2 so halving reaction time will quarter freefall distance.

However, there is another consideration. With higher frequency sensing the data load on a

computer increases which means processing speed is necessarily affected and may become the

rate limiting step in the pipeline. Therefore, a balance must be struck between increasing frame

rate and increasing processing time such that the benefit of the former is not affected by the

latter.

With this in mind an ELP USB camera module (model ELP-USBFHD01M-L21) was selected

which runs at 120 Hz, significantly faster than the previous camera. Other benefits include

maintaining USB connectivity allowing the new camera to slot into the existing software pipeline

and it remaining small enough to be mounted as the end effector of a robot arm (base size

40x40mm). A new mount was developed to contain the camera module that eased integration

into the existing TacTip sensor design (Fig. 3.3). Previously the Lifecam had to be partially

disassembled to fit inside the camera mount, a procedure which is time consuming and involves

handling sensitive electronic equipment. The new design involves screwing the camera onto the

mount through four existing holes in the camera PCB which minimises any relative movement of

camera and mount whilst also easing construction. Finally, the camera is also low cost (~£50).

One of the key design principles of the TacTip is that it’s very cheap to produce; costing less than

£100.

3.2.3 Experimental Apparatus

To perform a rigorous analysis of slip, a custom apparatus was designed for automated collection

of slip detection data. The rig was designed with several criteria in mind:

1. Allow an object to fall under gravity with minimal friction.

2. Allow any experiments to be repeatable with high precision.

3. Have the experiments be performed entirely without human input after initial setup.
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4. Allow a variety of object shapes and weights to be easily tested.

The apparatus utilised a low friction rail system with a slider to which multiple objects can be

attached (Fig. 3.4). Four tactile stimuli with different radii of curvature were made to represent

differently-shaped objects (Fig. 3.5), which can be easily interchanged for testing. Because the

objects remain secured to the rail when dropped, the entire data collection procedure can be

performed autonomously.

3.3 Software Methods

This section provides an overview of the classification method chosen for much of this thesis,

Support Vector Machines (SVM). We then discuss the data processing which takes place to

convert the camera images from the TacTip into an input to the classifier.

3.3.1 Support Vector Machines

As gross slip is defined as the entire contact surface area of the sensor moving relative to the

object it is contacting. To detect slip we utilise a binary classification method which will be able

to reliably and quickly distinguish between the static phase where an object is securely held and

the slip phase where sensor surface movement should be distinct. Support Vector Machines were

chosen as the classification method as they satisfy several criteria:

1. Fast classification speed

2. Ability to handle data with high dimensionality (up to 254 dimensions for this work)

3. Fast to train over small data sets

SVMs are a binary classification method that works by plotting (labelled) training data and

drawing a hyperplane which best separates the two classes of the data. New data is plotted and

is classified according to the side of the hyperplane on which it falls [225].

To best separate the two classes, two parallel hyperplanes are drawn and the distance between

them is maximised. The final hyperplane that is used as the class boundary is the hyperplane

midway between the two original hyperplanes. A general hyperplane can be defined by

~w ·~x−d = 0 (3.2)

where ~x represents the points in the hyperplane, ~w is the vector normal to the surface and d

is the distance from the origin to the plane. The two planes used to define the maximal class

separation are given by

~w ·~x−d =±1 (3.3)
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(a) (b) (c)

Figure 3.3: (a) TacTip attached to newly designed mount. (b) The new ELP camera module
secured to the mount with screws to minimise movement of the camera. (c) Previous TacTip
camera layout. The mount is attached to the UR5 via a bayonet cap.

Figure 3.4: The rig used to collect data of a slipping object. A rectangular acrylic object, to which
stimuli may be attached, is able to freely slide in the rail to simulate falling under gravity in a
controlled environment
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Figure 3.5: 3D printed stimuli created for this work. Each has a different radius of curvature to
test ability to cope with objects of different shapes. From left to right, radii of curvature: ∞ (flat),
80, 40, 20 mm. The apex height of each object is the same (20mm).

meaning that the distance between them is given by 2
‖~w‖ . To maximise this distance ‖~w‖ must be

minimised. Each training data point ~xi is given a label ~yi of 1 or -1 according to its class. All of

these data points must lie (if possible) the correct side of the two hyperplanes. The constraint for

each data point ~xi can be given as

~yi(~w ·~xi −d)≥ 1. (3.4)

‖~w‖ can then be minimised according to this constraint. Training data points that lie on the

two maximally separated planes are called support vectors and can completely describe the

hyperplane that divides the two classes. This is called a hard-margin SVM where all the training

data points fall the correct side of a hyperplane. This is not always possible as some values of one

class may lie very close to values from another class and therefore a plane may not be able to

completely separate two classes. In this situation the hyperplane that separates them gives an

indication of whether it is more likely for new data to belong to one class or the other. This is

called a soft-margin SVM. In such a scenario we introduce a hinge loss function

max(0,1− yi(~w ·~xi −d)). (3.5)

If ~xi lies on the correct side of the line then the function evaluates to zero and if not it is

proportional to the distance from the margin. By minimising[
1
n

n∑
i=1

max(0,1− yi(~w ·~xi −d))
]
+λ‖~w‖2 (3.6)

the hyperplane ~w is determined. In this equation λ is a hyperparameter used to strike a balance

between getting as many xi on the correct side of the boundary and keeping the margin size large

enough to separate the two classes.

The reason that SVMs are so fast for classification is that with any new data, ~X i, one merely

needs to calculate the result of ~w · ~X −d. If positive it belongs to class 1 and if negative class -1.

Not all classes will be effectively separable by a hyperplane. Thankfully a kernel trick can be

used to draw a curve that can separate two classes in the non-linear case [226]. What we wish to

do is transform the space using a kernel function such that the two classes are linearly separable.
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The training data points in the new space are transformed by

~xi →φ(~xi) (3.7)

and the kernel function k(~xi,~x j) is given by

k(~xi,~x j)=φ(~xi) ·φ(~x j). (3.8)

φ(~xi) then replaces the ~xi in equation 3.6 which is then minimised.

An example kernel function is the Gaussian kernel which is given by

k(~xi,~x j)= exp(−γ‖~xi −~x j‖)2) (3.9)

and is a commonly chosen kernel when training non-linear SVMs [227].

3.3.2 Software Pipeline

Before being used by a classifier data from the camera must be processed such that it is in the

required format. At this point one has two choices; some prior work with the TacTip has involved

simply using the raw images from the camera which are downsampled and a thresholding

operation used to binarise the image and thus reduce the dimensionality. Raw images used to

train Convolutional Neural Networks (CNNs) have shown strong results in tasks such as contour

following [106] and object classification [228]. The other option is to use the pin positions. The

OpenCV function SimpleBlobDetector is used to detect the 127 pin centres, giving coordinates

(x, y) in pixels. Multiple conditions on the properties of ‘blobs’ in the image such as size, shape

and pixel intensity value can be set to detect only the pins (Fig. 3.6). Calculating the Euclidean

distance travelled by each pin between frames allows for pins to be tracked from frame to frame.

In certain frames the pin detection algorithm may fail to detect all pins; in such cases the

positions from the previous frame are kept. In either case the result of the image processing

can be used as the input to a classifier, regressor or as part of a control loop used to perform

experiments with a robotic arm.

In this work we start with the pin positions as our features which are passed to MATLAB for

further analysis. The main reason for using pin positions over raw images is that we are trying to

observe physical movement of the sensor and the pins act as fiducial markers for determining the

location of the sensor surface. We can, therefore, be confident that when a pin moves the surface

of the sensor is also moving and we can learn the pattern of pin movement which corresponds to

slip. When using raw images it is harder to be interpret what the sensory basis of the learned

features from a CNN is. Visualisation of CNN activation is possible with tools such as Grad-CAM

[229] however it is far from a solved problem [230].

As slip involves an object moving relative to the sensor, having a time-dependent component

is useful for robustness. For this work the difference in position of each pin between consecutive

frames—the pin velocity—was chosen. Velocity was chosen because a change in velocity will
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(a) (b)

Figure 3.6: (a) Raw greyscale camera image. (b) Identification of the pins (red dots) after image
processing.

always be present when an object starts to slip and it is easily inferred from the pin positions. The

pin velocities can also be seen as analogous to RA-I (rapidly adapting type I) mechanoreceptors in

the human fingertip. These Meissner corpuscles have been shown to play a role in the detection

of slip in humans by having a spike in activity when slip occurs [9]. When holding an object, the

surface of the TacTip stretches downwards due to the object weight. When that object begins to

slip, the coefficient of friction changes from a static to kinetic value that is generally lower [231].

Hence, the frictional forces decrease and the elastic force from the stretched sensor surface causes

it to move back towards its non-deformed shape, shifting the pins upwards. We hypothesise that

when slip occurs we will see a spike in pin velocities in much the same way Meissner corpuscles

spike in humans.

To obtain pin velocities we begin with the list of pin positions which is collected in Cartesian

coordinates (∆xi,∆yi) for 1 ≤ i ≤ 127. Positions are transformed by: ∆r i =
√
∆x2

i +∆y2
i and

∆θi = arctan(∆yi/∆xi). The angular component (∆θi) of the pins is shifted to have a mean of zero

with respect to the x-axis of the camera, removing all angular bias in the data. This yields a

254-dimensional time-series input (∆r i,∆θi) to the classification method.

3.4 Experiment I: Offline Slip Detection

The first experiment involves collecting data using the rig described in section 3.2.3 and using

this to train an SVM. In this section I will describe the data collection procedure followed by an

analysis of the data, SVM optimisation and finally offline testing of the SVM.
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3.4.1 Data collection

For all of the tests in this Chapter the TacTip is attached to a Universal Robot UR5. This is

a 6 DoF linear robotic arm with a 125 Hz interface and a maximum repeatability of ± 0.1mm

allowing for the position to be controlled accurately and frequently. Using the rig described in

section 3.2.3 the data was collected as follows:

1. Press TacTip against the flat stimulus (Fig. 3.5) normal to the surface

2. Raise arm 50mm to lift object

3. Retract at a speed of 0.1 mms−1 until stimulus falls

4. Return arm to bottom of rail

This procedure allows for rapid and autonomous collection of data. The camera is activated

and data recorded throughout stage 3. The data collection routine was performed 40 times.

3.4.2 Inspection of slip training data

The training data demonstrates how drastic an effect a slip event has on the tactile data.

Fig. 3.7 shows the pin displacements relative to their initial positions and the frame-to-frame

pin velocities, over a typical data collection run. Each coloured line represents a different pin.

There is a clear spike in the pin velocities at around the 1200th frame and a step-change in the

pin positions, both of which strongly signal the onset of slip. This pin velocity spike is present in

all pins. Therefore, slip affects the entire TacTip skin surface.

Given that we will apply an SVM classifier to the velocity of pin positions, Fig. 3.7 shows how

noticeable the slip onset is and indicates that the classifier should work well. The width of the

spike in the velocity data is approximately 0.2s (∼20 frames) and includes the onset of slip to

the object completely losing contact. This is evidenced by the flat line seen in the pin positions

data after the spike. Hence, to prevent a slipping object from falling, the data must be collected,

classified and the robot moved in a very brief period of time.

If we look at a vector field of pin velocities we can see this effect even clearer (Fig. 3.8). Prior

to slip only a few of the pins are seen to move and this is mostly associated with noise (Fig.

3.8(a)). When we focus on a frame from the beginning of the spike in pin velocities we see a

very different story; the pin velocity magnitude is large for almost all pins and is in a co-linear

upwards direction (Fig. 3.8(b)). This is consistent with the expected signal and the significant

difference between ‘static’ and ‘slipping’ data will allow us to accurately label the data for SVM

training.

A few frames after slip onset the clear slip signal becomes messy (Fig. 3.8(c)). This may be

cause by elastic effects from the sensor as the surface rapidly moves or from the object losing

contact with the sensor. This complicates the data labelling procedure as it is hard to class these
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Figure 3.7: Top: Pin displacements during a data collection run. Bottom: Pin velocities obtained
by differentiating the top graph. The sharp spike around 1200 frames is when slip occurs. For
clarity a subset of the pins are used and a 5 frame moving average has been applied to the pin
displacements.

frames as ‘slip’ with certainty. However, as we are currently interested in the accurate detection

of the onset of slip to allow for a prompt reaction the cessation of slip is of less importance.

Nevertheless, in the forthcoming section we explore how varying the number of frames we label

as slip affects classification accuracy.

3.4.3 SVM Training

Binary classification splits the training data into two classes. For this work these classes will

be referred to as ‘slip’ and ‘static’. The ground truth labels were set by manually looking at the

vector fields for each frame and identifying the frames with the alignment of vectors consistent

with slip. We class all frames as ‘static’ until the clear slip signal from Fig 3.8(b) can be seen. Both

linear and non-linear (Gaussian) kernels were tested with parameters chosen—for the non-linear

case—using Bayesian optimisation (using the MATLAB function fitcsvm). Two parameters were

optimised; the Kernel Scale and the box constraint.

The kernel scale (γ in eqn. 3.9) can be seen as setting the complexity of the class boundary.

For small values, γ will have little effect on the data and the decision boundary will be drawn

as for a linear SVM; for large values the decision boundary can be very complex by fluctuating

greatly to put individual data points on one side of the boundary, and therefore has the tendency
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Pre-slip

(a)

Slip Onset

(b)

Post Slip

(c)

Figure 3.8: An example of the vector field of pin velocities. Each arrow corresponds to the velocity
of one pin and each red dot corresponds to a single detected pin. (a) Typical vector field for a
frame where the object is securely held. (b) The characteristic alignment of pins when slip occurs.
(c) Showing the same slip event 5 frames after slip begins. The slip signal has already become
very noisy. The difference in vector alignment and magnitude between (b) and (c) demonstrates
the clarity of the slip signal. The direction of vector alignment depends on the slipping angle
relative to the surface of the TacTip.

to overfit.

The box constraint (λ in eqn. 3.6) is a regularization parameter that gives the trade-off

between correctly classifying data and maximally separating the two classes: a small λ results in

a narrow boundary (distance between separating hyperplanes) but many misclassifications, and

vice versa for large λ.

Two analyses were performed to identify the best classifier:

1. a comparison between linear and non-linear kernels

2. the effect of varying the number of frames in the training data ‘slip’ class

This second test is important because the initially-clear slip signal becomes noisy after only a

few frames (see Fig. 3.8(c)). The classifiers were trained on half of the collected data with the

remaining data used for testing.

3.4.4 Results

Offline testing classifies previously collected data and compares the output to the ground truth

labels for the data. Crucially, this data has not been used for training the classifier. This will

allow us to obtain the best classifier, which will then be used to identify slip in real time.

The first classifier comparison was between the use of a linear and a non-linear (Gaussian)

kernel. The dimensionality of both kernels were also varied. We compared using changes in both

magnitude and angle, (∆r i,∆θi), to sole changes in angle, ∆θi and sole changes in magnitude,
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Kernel Dimensions KS BC Success (%)

Gaussian (∆r,∆θ) 38.8 686.6 99.11
Gaussian ∆r 23.4 4.3 98.95
Gaussian ∆θ 8.5 76.5 97.21

Linear (∆r,∆θ) N/A N/A 95.07
Linear ∆r N/A N/A 94.66
Linear ∆θ N/A N/A 70.58

Table 3.2: Comparison of kernel types and dimensions used in the classifier. The classifiers using
both magnitude and angular data perform best. The Gaussian kernel also performs notably better
than the linear kernel. Columns three and four represent the optimised parameters kernel scale
(KS) and box constraint (BC).

∆r i, corresponding to 254, 127 and 127 dimensional data, respectively. For this first comparison,

a total of six classifiers were tested, with the results expressed in terms of the percentage of

correctly classified frames (summarized in Table 3.2).

Two observations are drawn from Table 3.2. The first is that using both the changes in

magnitude and angle (∆r,∆θ) gives better performance than just magnitude or angular data.

Both the magnitudes and angles are useful for slip classification, justifying the use of the

transformation from Cartesian coordinates to magnitude and angle. As an aside, the magnitudes

give better classification than the angular data on both tests.

The second observation is that the Gaussian kernel outperforms the linear kernel. All three

of the classifiers trained with a Gaussian kernel outperform all three with the linear kernel. The

best performing Gaussian SVM has a score 4% higher than the best scoring linear SVM method.

Clearly a linear hyperplane is not able to effectively separate the two classes, but the use of an

optimised non-linear kernel is sufficient to drastically increase the classification success.

The second set of offline tests involves varying the number of frames in the ‘slip’ class.

Previously for training, every frame was assigned manually to the class ‘slip’ or ‘static’. For the

first test, all ground truth frames in the slip class were used to train the classifiers; the number

of which varied from run-to-run. However, the pattern becomes noisy after only a few frames (see

Fig. 3.8(c)). Choosing the appropriate number of frames in the slip class would ensure that only

the data with a clear signal indicating slip would be kept, which would give a better separation

between the two classes.

Testing demonstrated that that using 4 frames in the slip class increases classification

success from 99.11% to 99.88% (Table 3.3). Therefore, using the cleanest slip signal allows the

SVM to better discriminate between slipping and static objects, although this only marginally

outperformed using 3 or 5 frames. For the remaining tests, only the 4-frame classifier in the ‘slip’

class is used. It should be noted that the classifier is able to detect more than the slip onset and

can detect upwards of 10 frames after onset, albeit with lower accuracy.
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Frames in ‘slip’ class Success (%)

All 99.11
5 99.87
4 99.88
3 99.87
2 99.85
1 99.87

Table 3.3: Comparison of classifiers with varying frames in the ‘slip’ class. The first row is the
best performing classifier from Table 3.2 where all the manually identified ‘slip’ frames were used
to train the classifier. Having only four frames in the ‘slip’ class results in an improved classifier
compared to using all frames.

3.4.5 Discussion

In this section we have trained an optimised SVM which is capable of distinguishing between

the static and slip states of the TacTip with high accuracy. Initially, we showed that a non-linear

kernel significantly improves the accuracy of the classifier and that using both the changes in

magnitude and angle of pin velocity is beneficial as well. The latter point is perhaps unsurprising

as we are simply giving the classifier more information to go off. However, it does show that

both the distribution of pin velocity magnitudes and angles contains information which aids

in discriminating between the slip and static states. Finally, reducing the number of frames in

the ‘slip’ class when training meant that only the data with the cleanest slip signal was used to

inform the decision boundary which resulted in improved classification accuracy.

In a study by Veiga et al. random forests were deemed to be marginally better at detecting

slip than support vector machines [197]. However, here offline testing yielded comparable results

between the two studies with a classification success of 99.88%.

Despite the apparent success of offline testing, there remains some unanswered questions.

Is the manual labelling of frames into ‘static’ and ‘slip’ classes physically accurate and have

we therefore developed a classifier which can detect the onset of slip or is this another feature

in the data with another physical cause? Additionally, is the classifier - and indeed the entire

experiment pipeline - capable of detecting slip in real time and reacting to catch the slipping

object? These are the questions we seek to answer in the next section.

3.5 Experiment II: Online Slip Detection & Grasp Recovery

3.5.1 Experiment Description

The main goal of this research is to detect slip and react in real time. The offline testing

above (Section 3.4) allowed us to identity the best-performing classifier, which not only detects
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slip with minimal error but also has a low false-positive rate. A false positive in this case

involves classifying static data as slipping and therefore reacting to an incorrect impulse. In

most circumstances, this would be less costly than a false negative–where an object would fall

without the robot reacting—but reacting unnecessarily could still be harmful. This is why we use

a success rate based on classifying both static and slip frames rather than only detecting the slip

frames.

For online testing in real time, a similar experiment is used as for the offline tests: the TacTip

is pressed horizontally against a stimulus until it was secured, lifts the stimulus, and then

the arm is again slowly retracted. However, in the online test, when slip is detected, the arm

moves immediately back to prevent the object from falling. Data which is received in real time

is classified using the best-performing classifier from the offline tests. To minimise the effect of

false positives, two consecutive frames must be classified as slip before a response is triggered

from the robot arm.

Two online tests were performed. Firstly, the flat stimulus was tested under the same

conditions as the data collection, but we varied the speed at which the robotic arm is retracted to

discover whether the classifier can generalise to changes in experimental conditions. Secondly,

the three curved stimuli were tested to determine the ability to detect slip of differently-shaped

objects (Fig. 3.5).

To determine whether a test was a success an ArUco marker was attached to each stimulus,

with a camera (Canon EOS 600D) recording its position (Fig. 3.9)[232]. The ArUco marker is used

to record the height of the stimulus: it thus determines whether the stimulus has been caught

or dropped when slip begins, and how far the stimulus fell before being caught. Calibration is

achieved by lifting an object 50 mm at the start of each test to calibrate the pixel-to-distance ratio.

(a) (b) (c)

Figure 3.9: Figure showing the three steps of the online experiment procedure. (a) TacTip makes
contact with object at bottom of rail. (b) Object slides 5cm up the rail and then arm begins to
retract. (c) When slip is detected arm moves back in to secure the object. A clear drop in height
can be seen between (b) and (c). This process then repeats. The height of the object is tracked by
the ArUco marker attached to the stimulus.
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Figure 3.10: The height of an object during two tests - separated by the dashed line. Each test has
three sections; lifting object, arm retraction and finally, what happens after slip. The first test
has a clear drop followed by a plateau after the slip has been detected and successfully stopped.
The second test, a failure, only has a large drop as slip was not detected and the object fell.

3.5.2 Results

The initial online tests were performed with the flat stimulus, which was also used for data collec-

tion and analysis. Therefore, online and offline performance can compared. The speed at which

the arm was retracted was varied to evaluate performance under different slipping conditions.

Validation was achieved by tracking an ArUco marker (Fig. 3.9); thus, we can determine whether

an object has been successfully caught and calculate the falling distance (Fig. 3.10).

A test is deemed to be a success when there are two distinct plateaus separated by a clear

drop in height. This means the object was held steady as the arm retracted (first plateau), began

to slip (drop in height) and was then stopped by the arm (second plateau). Overall the systematic

error in this method is estimated to be ±0.1mm, with standard error in the mean and systematic

error summed in quadrature to give the total error.

Eleven different arm retraction speeds varying from 0.1 to 20 mms−1 were performed. Each

speed is tested twenty times (Table 3.4). Seven of the eight lowest retraction speeds have a

success rate of 100%, with the success rate of catching the object decreasing above 3 mms−1

retraction speed. The average success over the 220 performed tests is 95%.

There is a positive correlation between retraction speed and stopping distance, with the
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Speed
(mms−1)

Success
(%)

Stopping Distance
(mm)

0.1 100 15.5 ± 0.5
0.2 95 15.1 ± 0.4
0.4 100 15.5 ± 0.5
0.6 100 16.5 ± 0.5
0.8 100 16.0 ± 0.5
1 100 17.6 ± 0.4
2 100 18.8 ± 0.7
3 100 18.7 ± 0.7
5 85 22.0 ± 0.9

10 80 24.8 ± 1.6
20 90 26.9 ± 1.3

Table 3.4: The success of the SVM classifier
at detecting slip and then moving the robot
to catch the object. Each speed was tested 20
times. Best performance was for the lowest
speeds but success is high across all tests.

RoC (mm) Success
(%)

Stopping Distance
(mm)

∞ (Flat) 100 15.5 ± 0.5
80 90 14.9 ± 0.5
40 100 15.6 ± 0.5
20 95 14.3 ± 1.1

Table 3.5: The success of slip detection
with objects with distinct radii of curvature
(RoC). 20 tests are performed per object and
their success percentage given. The first row
is for the flat stimulus (from Table 3.4).

slowest speed giving a stopping distance of 15.5 mm and the fastest 26.9 mm. These results

demonstrate that the method developed offline (Section 3.4) performs well in real time to secure

a falling object; moreover, this performance at detection is invariant to changes in arm retraction

speed. Meaning, ability to detect slip was unaffected by retraction speed. Fig. 3.11 shows the

height of the object over twenty test runs. In this case, each test was successful. The entire

computational loop including image capture, processing and classification runs at 100 frames per

second. Classification was clocked at 3 milliseconds, less than the time between frames (~10ms).

The second online test uses three other stimuli with different radii of curvature to test

robustness to object shape. Each stimulus was tested twenty times to investigate how the

classifier generalises to objects with different curvatures. The stimuli were mounted such that

their curvature was aligned to the vertical axis, with retraction speed 0.1 mms−1.

Table 3.5 shows the classifier is able to detect slip on all the curved objects, with only 3

failures from the 60 tests performed. For two stimuli, the stopping distance is less than that for

the flat stimulus; however, this is within the margin of error. Testing on these objects mimics

a range of situations that would be encountered when deploying slip detection in real-world

scenarios. We emphasise that these curved objects are entirely novel to the classifier, which was

trained only on a flat object.

3.5.3 Discussion

In this section we have obtained the first real-world indication of the TacTip’s ability as a slip

detector and in the process answered the questions which remained at the end of Experiment I.
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Figure 3.11: Graph showing the height of an object during twenty tests. Using the success criteria
described in Section 3.5.2 it can be determined that each slip was successfully detected and the
object prevented from falling. It also shows that there is a variability in the stopping distance.

Data coming from the TacTip was classified, slip detected, a response initiated and the object

stabilised after slipping as little as 15.1 mm with up to 100% success. Results were consistent

over a range of arm retraction speeds and with varied stimuli. This shows that not only is the

experimental pipeline fast enough to react to slip but the manually labelled data used to train

the classifier does seem to be using features which correspond to slip as it is highly successful at

preventing objects from being dropped.

The classifier was trained on just one retraction speed, yet generalizes to over 220 tests with

speed varied from 0.1-20 mms−1 with success rate of 95%. Veiga et al. (2015) achieved an average

success of 74%; however, this was over a wider variety of different objects.

Again, as we leave the experiment a significant question which needs to be answered. When

detecting slip, is the classifier limited to the artificial stimuli created here which vary little in

weight and texture or will it generalise to natural objects? Addressing this is the subject of the

next section where we extend this experiment to test on a small set of real world objects.

3.6 Experiment III: Slip Detection with Natural Objects

This experiment is a short extension to Experiment II where several natural objects were tested

to determine if the slip detection method presented above generalises to objects that haven’t been

artificially designed (Fig. 3.12).
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3.6.1 Experiment Description

Each experiment proceeds similarly to Experiment II with the main exception being that the

objects are no longer attached to the rail. Instead, the UR5 robotic arm presses an object against

one of the upright supports on the data collection rig . The arm then begins to slowly retract (0.2

mms−1) until the object slips (Fig. 3.13). This speed was chosen as it was associated with the

smallest slipping distance in the previous experiment (Table 3.4).

The experiment is considered a success if the object is visually seen to start falling, the

classifier detects the slip, the arm moved forward and the object is secured against the wall

without further slippage. Any other outcomes such as slip being detected but the object still being

dropped is classed as a failure. Note that we were unable to reliably track the objects using an

ArUco marker as certain objects rotated when slipping.

The five objects chosen were; a paper box containing a plastic cube, a metal coffee container, a

mustard bottle, a water bottle (approx. 1/3 full) and a plastic banana (Fig. 3.12). The objects were

chosen as each has a different shape, weight, compliance and texture as well as being common

objects and shapes that one might encounter day-to-day.

3.6.2 Results

Each object was tested ten times in the manner described above and the results are summarised

in Table 3.6. The results show that four of the five objects are stopped from falling with a high

success of up to 90%. The only low scoring object is the banana which was only stopped 30% of the

time. For this case the classifier was able to detect the onset of slip but the shape of the banana

meant that moving to re-secure it mostly pushed the banana out of the way and onto the floor.

Each object used was novel to the classifier and no parameters of the object were known

Figure 3.12: The five different objects that were tested for this study. The objects were chosen
due to their different shapes, weights and compliances so that an indication of the slip detection
method’s ability to generalise to random objects can be tested.
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(a) (b)

Figure 3.13: The experimental setup for natural objects. An object is secured above the ground by
using the tactile sensor to press it against a vertical metal plate. When slip is detected the sensor
moves in to prevent the object from falling. A clear drop in height of the plastic banana between
(a) and (b) is evident.

Object Success (%) Mass (g)

Box 90 145
Mustard 80 47
Water Bottle 90 186
Coffee 90 97
Banana 30 66

Table 3.6: The success of the slip detection method at generalising to a variety of objects. Each
object has a different shape, compliance and weight and the slip detection method still performs
well.

to the classifier prior to each experiment. This demonstrates the versatility of the classifier to

generalise to previously unseen objects.

3.6.3 Discussion

The purpose of this short extension was to see whether the features which allowed the SVM to

accurately classify slip on the 3D printed objects were present in a set of real world objects. Not

only was this possible, as slip was accurately detected across all objects, but with four out of

five objects the UR5 reacted quickly enough to stabilise them. This apparent generalisation is
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likely due to the characteristic similar motion of pins as the sensor tries to relax from a highly

deformed state (section 3.3.2). However, given the limited dataset true generalisation cannot

be assumed and methods such as incremental learning using SVMs [233] or transfer learning

techniques to improve generalisation under different settings [234].

All the different objects used here will indent the sensor to different depths and with a

different force profile across the surface. This raises an interesting question as to how the depth

to which the sensor is compressed affects the lateral movement of the pins when slip occurs. This

was not investigated in this study but determining whether knowledge of the amount of sensor

compression could be used to better inform a slip onset classifier is an interesting avenue of

future study.

Slip was induced by retracting the arm to a position where normal force was insufficient to

maintain the grasp. This was done for comparison to a study by Veiga et al. (2015) where data

was collected the same way [197]. The method may be susceptible to false positives when lifting

an object and the sensor surface is stretching under a load. There are multiple other scenarios in

which slip could occur such as slipping under external load and at multiple angles relative to

the surface of the sensor. However, here the scope of our study encompassed training only over a

single angle (downwards under gravity). Furthermore, we did not consider the re-detection of

non-slip, which would be an interesting extension of the method to detect when slip has stopped

so that a precise action to minimise slip can be chosen. Slip can also be induced by pulling the

objects but the success of the SVM when slip occurs in this fashion was not tested so the affect on

performance is unknown.

3.7 Concluding Remarks

In this Chapter we have presented a method of detecting slip using the TacTip and demonstrated

that it is able to reliably catch slipping objects before they are dropped.

Detection Method: We hypothesised that using the velocity profile of the internal pins

would be a reliable indicator of slip in a manner similar to the RA-1 mechanoreceptors in the

human finger. When slip occurs the velocity vectors of the pins display a clear alignment and this

was used to train a Support Vector Machine. Transforming the velocity data into magnitude and

angular components allowed the SVM to reliably discriminate between slipping and stationary

objects. This required minimal training data and preprocessing.

Fast classification speed coupled with camera upgrades and streamlined processing means

that the TacTip tactile sensor is capable of running at 100 fps, over three-fold faster than previous

studies using the TacTip. As discussed in section 3.2.2 the increase in processing time from higher

frame rate should not become a significant bottleneck. Given that the camera is capable of 120

fps there may be little benefit to further increasing the frame rate. Furthermore, classification

speed was a major factor in the choice of an SVM.
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Object Stabilisation The TacTip was able to detect slip on a variety of objects including

novel curved and real world objects and prevent them being dropped. The ability of the classifier

to cope with the variation of the arm retraction speed—when inducing slip—demonstrates a

robustness to changes in experimental conditions. Different shapes deform the surface of the

TacTip in distinct ways; however, by examining properties common to all slip events—here, the

pin velocity distribution—it is possible to still reliably detect slip for differently curved objects.

The minimal processing of our method allowed for slip to be detected in real time.

Having a single tactile sensor moving with a single degree of freedom means that the ability

to handle complex objects is severely limited. However, the fact that slip was reliably detected,

even on the banana, means that using a gripper with more degrees of freedom is likely to be

successful at preventing slipping objects from being dropped.

The aim of this Chapter was to determine whether the TacTip is suitable for slip detection.

Using a simple detection method with small modifications to the sensor we have shown that it is

highly suited to the task. The main limitation of this work is that having only a single sensor

limits the number of objects on which slip detection can be performed. This question allows us to

segue into the next Chapter where we explore the integration of the TacTip into a multi-fingered

robotic hand.
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THE TACTILE MODEL O - DEVELOPMENT AND TESTING

This chapter contains the work pertaining to the development of the Tactile Model O (T-MO)

and its initial testing. The T-MO is based upon a GRAB Lab Model O [159] and here we

discuss the modifications to the TacTip required to make it suitable for integration onto

the hand and the validation of the grasping performance of the T-MO using a standard object set

[140].

The work presented within this chapter forms part of the work included in the following

peer-reviewed article:

• J. W. James, A. Church, L. Cramphorn & N. F. Lepora. (2020). Tactile Model O: Fabrication

and testing of a 3D-printed, three-fingered tactile robot hand. Soft Robotics, ahead of print.

doi.org/10.1089/soro.2020.0019.

Contribution statement: J. James conceived of the presented idea, modified the TacTip,

modified, designed and built the Tactile Model O, performed the tactile perception bench-

mark, assisted with the grasping benchmarks and co-wrote the manuscript. A. Church

performed the grasping benchmarks and co-wrote the manuscript. L. Cramphorn assisted

with the TacTip modifications and benchmarking. N. Lepora supervised the project and

performed critical revisions of the manuscript.

4.1 Motivation & Scope

Tactile afferents in our hands provide information about the state of a grasp and, crucially,

whether the grasp is failing [1]. Therefore, bringing tactile sensation to robotic hands will allow

for more effective grasping, along with the wide range of benefits of human-like touch to perform

tasks we take for granted yet robots are presently incapable of achieving.
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Although robotic hands with integrated tactile sensors are becoming more common [222, 69],

the vast majority of research on robotic hands still focuses on vision-guided grasp planning. In

part, this is because there are a limited selection of commercial tactile-enabled hands, which are

expensive and behind the development curve of the most advanced tactile sensors. Thankfully,

the advent of fast, precise 3D-printing technologies now means it is inexpensive and relatively

simple to adapt tactile sensors and robotic hands into new integrated platforms. Scaling to

multiple sensors on a robotic hand presents several challenges, such as how to control the hand

with integrated sensor feedback. With those challenges in mind, the presented platform offers a

balance of dexterous capability against relative simplicity in its underactuation and fabrication.

The aim of this work is to modify a three-fingered robotic hand, the OpenHand Model O [159],

to house the TacTip, an optical biomimetic tactile sensor [2, 3]. Prior work on integrating this

sensor with 3D-printed hands has involved two 2-DoF, two-fingered robotic hands: the OpenHand

model-M2 gripper with a tactile thumb [171] and the GR2 gripper with two tactile fingertips

[173]. The current work represents a major advance in the functionality of 3D-printed tactile

dexterous hands to integrate three tactile fingertips within a 4-DoF hand with state-of-the-art

grasping capabilities. We expect that the grasping capabilities of the Model O combined with the

success of the TacTip as a tactile sensor will result in an effective platform – the tactile Model O

(T-MO) – for a wide range of future tactile robot hand applications and research.

This work makes several contributions. We continue prior work on integrating optical tactile

sensors with 3D-printed robot hands by:

1. Increasing the number of tactile fingertips from two to three, degrees-of-freedom from two

to four.

2. Miniaturising the tactile sensor to a size suitable for this hand.

3. Improve sensor performance with a better camera (e.g. improving the frame rate up to 120

per second and allowing for multi-modal data collection).

We demonstrate effective performance with an autonomous grasping platform comprising an

arm-mounted tactile hand with depth camera for initial pose estimation, which is used to test

the hand on a standard (YCB) object set [176]. This lays the platform for us to answer the second

research question in this thesis: Does the addition of tactile sensing to a robotic manipulator

enhance effectiveness of the system?

4.2 Tactile Model O Development

This section contains the development of the T-MO including the modification of the TacTip,

hardware selection and integration onto the Model O. When embarking on the task of developing

a multi-fingered tactile manipulator we wanted to keep the design aligned with the goals of this
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(1)

(2) (3)

Figure 4.1: (a) The Tactile Model O (T-MO) with fingers labelled. Note the range of movement of
fingers (2) and (3), which are mechanically coupled and thus constitute a single degree of freedom.

thesis as well as the ethos of the TacTip. With that in mind the following design goals were

created:

1. Low Cost

2. Low Control Complexity

3. Strong Grasping Capability

4. Suitable for Slip Detection Experiments

4.2.1 Robotic Hand Selection

The first task was to select a robotic hand which could be modified to include a TacTip tactile

sensor. The most widely-used platforms include the anthropomorphic iCub hand with integrated

capacitive sensors [181], the Shadow hand with BioTac sensors placed at the fingertips [182] and

with fabric and capacitive tactile sensors [74], the 4-fingered Allegro hand with PPS capacitive

sensors [91] and with BioTac sensors [183] and the TWENDY-ONE hand with embedded force-

torque sensors and a tactile skin [184]. These platforms are all expensive commercial offerings or

research hands which are not open-source.
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As discussed in the literature review a useful way to segment robotic hand research is into

underactuated and fully actuated designs. Fully or highly actuated hands have the advantage

of many actuatable degrees-of-freedom which allows for great grasping potential. However this

comes with the added cost of requiring complex control systems for the hand to be successful.

Underactuated robot hands greatly simplify the control systems required to grasp objects and

are becoming increasing popular in research [139].

Another distinction mentioned in the literature review (Chapter 2) was between grippers and

manipulators. Grippers, with only two fingers can be highly effective grasping platforms but they

lack the capacity for manipulation inherent in systems with more fingers.

To summarise, the requirements of:

1. Open-source

2. Underactuated

3. At least three fingers

led us to select the OpenHand Model O as the platform. The Model O is the open-source counter-

part of the i-HY hand [159] that won the ARM-H track of the DARPA manipulation challenge

[160]. The Model O is a 3D-printed, three-fingered, underactuated hand that is one of several

hands developed by the GRAB Lab’s OpenHand project. It has four actuatable degrees-of-freedom

which presents a nice trade-off between grasping capability and control complexity.

The three fingers are almost identical in that they contain two joints and a single degree of

freedom, making each underactuated in the same way. A braided polyethylene wire ‘tendon’ runs

the length of the finger and is connected to a Dynamixel MX-28T motor in the base of the hand.

This allows the fingers to deform around objects for grasping without the object shape being

known by the controller. Springs in both joints cause the finger to passively release when the

active force from the motor is removed.

The only difference between the fingers is that one, the ‘thumb’, is fixed to the palm of the

hand, whereas the other two fingers can rotate through 90 degrees from facing the thumb to

facing each other (Figs. 4.1, 4.2, 4.3). The rotation of these two fingers is mechanically coupled

and therefore constitutes only a single degree of freedom. This form of movement is known as

abduction - coupled fingers moving perpendicular to thumb - and adduction - coupled fingers

moving parallel to thumb.

The Model O was chosen over related hands - such as the Model M2 gripper [172] and Model

T hand [158], which are both underactuated, 3D-printed hands with one and four fingers respec-

tively and both having a single degree-of-freedom - as the extra degrees-of-freedom, particularly

the coupled adduction/abduction of two fingers will allow the fingers to better conform to the

shape of complex objects. This is with only a modest increase in control complexity.

To summarise, the choice of the Model O satisfies three of our design goals. It is low cost

thanks to it being open source and much of it being 3D-printed. The underactuated design makes
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Figure 4.2: Side view of the T-MO. Four Dynamixel servos and three JeVois machine vision
modules are housed in the base unit with a marginal increase in size compared to the original
Model O.

(a) (b) (c)

Figure 4.3: CAD renderings of the modified finger. (a) Front view of T-MO finger. (b) 45°view. (c)
Side view showing how the smaller TacTip fits into the distal phalanx.

it easy to control and it has a strong pedigree when it comes to grasping; evidenced by its success

in the DARPA manipulation challenge. All that remains is ensuring its suitability as platform for

performing slip detection; this will be discussed in the next section.
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Figure 4.4: Comparing the form factors of the larger TacTip and the modified sensor used in this
work.

(a) (b) (c)

Figure 4.5: CAD renderings of the modified tactile sensor. (a) Top view of the sensor with
dimensions. (b) Side view showing the chamfer at the base to prevent interaction of the sensor
with the proximal phalanx when highly actuated. (c) New sensor pin Layout.

4.2.2 Tactile Sensor Modification

As evidenced by the work presented in Chapter 3 the TacTip has demonstrated strong capabilities

as a slip detection sensor. The main aim of this study involves the integration of the TacTip

onto the Model O, such that it is an effective slip detection platform yet retains strong grasping

performance. As the TacTip previously used in Chapter 3 was a hemisphere with diameter 40mm

and the distal phalanx is a rectangle measuring approximately 40x20mm a significant redesign

of the tactile sensor is necessary.

The principles of the design remain the same. The sensor consists of a Tango Black+ skin

with an array of pins printed on the inside. The pins are constructed by placing a small circular

60



4.2. TACTILE MODEL O DEVELOPMENT

blob of VeroWhite on top of Tango Black+ pillars. The new sensor is broadly semi-cylindrical with

a fillet at the top. This results in the shape of the sensor being similar in both size and shape to

that of the human fingertip. A chamfer is added to the base of the sensor which means that when

the distal joint is highly actuated the sensor surface does not interact with the proximal finger

linkage.

The sensor skin is embedded into a VeroWhite base which gives the sensor rigidity. The entire

TacTip exterior is printed as a single unit, using both materials, which has allowed for rapid

manufacture and prototyping. A lens is inserted into the sensor before being filled with silicone

gel, as before. The sensor used here has 30 pins laid out in 3 columns of 10. The pins have a

diameter of 1.2 mm and the pin centres are 3 mm apart. White LEDs are used to give uniform

illumination inside the sensor and reduce the effects of any external light that bleeds through

the Tango Black+ skin or Verro White base (both of which are not perfectly opaque).

A camera is mounted on the base of the sensor to view the pins as the sensor deforms, with

each captured frame first processed in Python using OpenCV. Either the pin positions or the

raw camera images can be used as the tactile information, for example as tactile inputs into

supervised learning methods for regression or classification over labelled data.

4.2.3 Modification of Finger Design for Sensor Integration

4.2.3.1 Pin Layout

Each finger of the Model O has two joints and two phalanges with pads constructed from Vytaflex

30 to give a high friction surface suitable for grasping. We have replaced the distal phalanx of

each finger with a tactile sensor such that three sensors are used in total (Fig. 4.2). This keeps

the complexity of the modification low but still involves collecting data from more TacTips than

has been tried before. The reduction in size and change of shape (40 mm diameter hemisphere to

20×10 mm rectangle) of the tactile sensor presents two challenges.

The first challenge is that the pin layout needs modifying to be consistent with the shape of

the distal phalanx. As previously stated this led to the number of pins in the sensor being reduced

to 30, arranged in three rows of 10, to ensure good coverage of the interior surface whilst also

having sufficient separation of the pin tips to be easily distinguishable (Figs. 4.4, 4.5). Four LEDs

are mounted above the sensor lens in two strips along the major axis of the finger (previously, six

were used in a ring).

4.2.3.2 Camera System

The second alteration is to the camera system: the small size of the distal phalanx means that,

to allow the camera to be attached directly above the sensor, the form factor of the camera

board must be small and the lens must have both a wide field-of-view and a small focal length.
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Figure 4.6: Exploded view of the distal phalanx in the T-MO finger.

Another desirable feature would be to have image processing performed on the hand to reduce

computational load on the control PC.

These requirements led to the use of a 90° non-distortion lens connected to a JeVois machine

vision camera system [235]. The camera module is connected to the finger (Fig. 4.6) and a ribbon

cable connects it to the JeVois board which is housed in the ‘base’ of the hand (Fig. 4.7). The

JeVois is able to capture frames and process them using OpenCV at a variety of frame rates and

resolutions ranging from 1280×1024 (15 FPS) to 176×144 (120 FPS). TensorFlow Lite models

can be loaded directly onto the JeVois, enabling processing by pre-trained deep networks within

the hand itself.

There are many existing microcontrollers and single-board computers which are capable of

driving a camera. Perhaps the most notable single-board computer is the Raspberry Pi; however,

larger Raspberry Pi models such as the Model 3 B- which would be capable of driving a camera at

high frame rates - would require a separate housing unit thus significantly enlarging the T-MO.

Smaller models such as the Zero struggle to run a camera at a high frame rate. The JeVois’ lack

of other features such as GPIO is beneficial as it keeps size to a minimum. The JeVois is low cost

(~£50) and allows some of the processing load to be transferred from the control PC to within the

hand itself. We use a single JeVois module for each of the three TacTips. The small size meant the

JeVois were able to be integrated into the base of the hand with minimal size increase (Fig. 4.7).

The camera is held in place by screwing a cap over the top of the board. The ribbon cable

emerges from the rear of this cap and feeds directly into the base of the hand where the JeVois
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Figure 4.7: JeVois machine vision camera system. The lower image shows how the JeVois
processors are integrated into the base of the hand. A ribbon cable runs from each JeVois unit to
its camera module in the distal phalanx of each finger. A second cable on each finger supplies
electricity to the LEDs.

processors are housed. The TacTip slots into the phalanx and is held by three screws. This makes

replacing the sensor skin very simple when breakages inevitably happen. Overall, the integration

of the tactile sensors makes the fingertips heavier, the effect of which is compensated by using

stronger springs to hold the fingers in a fully relaxed position when the hand is held with the

palm facing down.

Whilst the new fingers are roughly the same width and length as those of the original Model

O, they are deeper because the use of a camera with a 90° field-of-view means that the lens

must be at least 20 mm away from the TacTip to view the entire 40 mm surface. This makes the

fingertips significantly thicker than those of the Model O which has the effect of removing the

ability to slide the fingertips under objects to initiate grasps. For this reason, we expect that the

larger size of the fingers presented here will have an impact on the ability of the hand to pick up

very small flat objects, but otherwise the functionality of the hand should be similar.

As mentioned previously, either the pin positions or raw camera images can be used as tactile
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Figure 4.8: Flowchart showing the processes within the T-MO when images are captured by the
JeVois. Either pins can be directly detected onboard the hand and sent to the control PC via
a serial port or - as used here - raw images are cropped and rescaled before being passed to a
classifier. Processes are the same for each of the three sensors. Note, the pixel dimension (bottom
right in brackets) is an example and can be changed as required.

data. The images from each camera are captured and processed on its JeVois processor and sent

to the control PC. For pin positions, a script on the JeVois is launched remotely that detects

the pins (via the Python OpenCV function ‘SimpleBlobDetector’) and sends them over a serial

connection. For raw images, Python OpenCV on the control PC can detect each JeVois as a video

source and capture frames directly (Fig. 4.8).
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(a) (b)

(c)

(d)

Figure 4.9: Diagram of the autonomous setup used for both collecting large amounts of data and
for verifying grasping capabilities of the T-MO. (a) Universal Robotics UR5 robot arm. (b) Tactile
Model-O. (c) Object to be grasped. (d) Microsoft Kinect2 RGBD camera.

4.3 Experimental Methods

The benefits of adding tactile sensors to robotic hands has been well examined in previous

studies [4, 5] with a significant benefit being that touch provides information which vision cannot.

However, clearly the purpose of a robotic hand is to perform grasping tasks and the addition of

tactile sensors is moot if the grasping performance of the hand is significantly reduced.

Benchmarking protocols are provided to give a comparison between different platforms to

quantify and encourage progress in the field of robot grasping and manipulation research. Here

we perform four grasping validations:

• Grasp capability on all objects in the YCB object set [176]

• i-HY object benchmark [159]

• Gripper Assessment Benchmark [176]

• Extended Gripper Assessment Benchmark [140]

First, a description of the grasping platform is provided before further explanation of each

benchmark is given.

4.3.1 Autonomous Grasping Platform

To facilitate testing and data collection, we utilise an automated grasping platform for the hand

(Fig. 4.9). The T-MO is mounted as the end effector on a UR5 robot arm (Universal Robots,

Denmark), controlled by the PC used to capture and store the tactile data. In addition, a Kinect 2

RGBD camera (Microsoft) is mounted above the workspace to provide a depth image of objects,

which we process to give putative pose estimates of use for grasping. A tray is located in front of
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the base of the arm into which a user can place an object and give the control PC an object label

(currently the only human input into this system). This tray has steep sides to prevent objects

falling off the platform and a soft (styrofoam) cladding to protect dropped objects.

This platform uses the Kinect depth images to estimate the pose of objects, which guide a

simple planner for the arm-hand system to attempt to grasp and lift test objects. As the object

covers only a small part of the tray, we are able to obtain the approximate depth of the tray by

averaging the depth across an entire image. In other words, as the majority of the image will

be the base of the tray the average value of the depth image gives a reasonable estimate of the

location of the tray.

This depth estimate allows us to obtain the 2D extent of the object by subtracting everything

in the image which is further away than the floor of the tray. To allow for errors a small threshold

of 10 mm is subtracted from the estimate of the tray depth. Essentially, everything assumed to

be the floor of the tray is removed from the image leaving only the object. By fitting an ellipse

over the object we can find its centre of mass (x, y) and pose angle. These are calculated from the

image moments corresponding to the major and minor axes of the best-fit ellipse. A z coordinate

is also estimated from the minimum object depth to guide the initial vertical hand placement

before grasping at 20 mm above the object.

The transformation from the camera frame to the robot frame is according to
xur5

yur5

zur5

=


ykin

−xkin

−zkin

+


ax

ay

az

 (4.1)

with constant translation (ax,ay,az) found from an initial calibration (here ax = 643 mm, ay = 0

and aZ = 907 mm) in which the hand is guided onto a known position. For this transformation to

hold, the Kinect has been placed pointing vertically downwards with orientation aligned to the x

and y axis of the UR5 robot arm.

4.3.2 Grasping Validation

Here we provide descriptions of the four grasping validation experiments conducted to evaluate

the effectiveness of the T-MO.

4.3.2.1 Test 1: YCB Object Set

The Yale-CMU-Berkeley (YCB) object set was created to provide a standardised benchmark

for robotic manipulation research. The set consists of 77 objects which can be divided into 5

categories including food items and tools [176]. The first experiment is merely to test which

objects within the YCB set the T-MO is able to grasp.

For this test, objects were placed in the centre of the tray and a pre-determined grasp

orientation was used to attempt to lift the objects. The T-MO was lowered to the objects and the
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Figure 4.10: Example images of the T-MO hand grasping a variety of objects from the YCB
Benchmarking Object Set. Each grasp is performed by placing the object on a flat surface in
a fixed position and using a UR5 robotic arm to lower the hand over the object and raise to a
specified height. This figure also shows how the rotation of the fingers can be employed to help
grasp objects depending on their shape.

fingers were actuated to full torque. The T-MO was then lifted and visual inspection was used to

determine if the grasp was successful. This test is the least rigorous of the four performed here

and is included as it provides broad information about which objects the T-MO cannot grasp.

4.3.2.2 Test 2: i-HY Object Set

The i-HY hand, upon which the T-MO is originally based, demonstrated its grasping capabilities

with a benchmark involving 10 unique objects where all objects were grasped 20 times [159].

Each grasp was performed in an automated manner by detecting the approximate centre of

mass of an object using a depth sensor (a Microsoft Kinect, as used here) and an alignment

performed to the major axis of the detected object. For a direct comparison to the i-HY hand, the

same experiment has been performed here with our newly modified hand, using the method and

platform described above in Section 4.3.1.

As the set of objects used to validate the i-HY was not standardised, it is difficult to recreate

the experiment exactly, so instead a set of similar objects has been used. The list of objects was: a

file, battery, hammer, two pens, torch, phone, screwdriver, small section of PVC pipe and a roll of

electrical tape.
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4.3.2.3 Test 3: Gripper Assessment Benchmark

The Gripper Assessment Benchmark uses a subset of the objects from the YCB object set split in

four categories; round objects, flat objects, tools and articulated objects. The full list of objects is

provided in Table 4.1.

To locate the object in this test we forgo use of the depth sensor and instead used a fixed

position as described in the benchmark guidelines. Further control of the hand is available in the

rotation of the finger joints. Fingers 2 and 3 can be jointly rotated from 0° (Cylindrical grasp),

through 45° (Spherical grasp), to 90° (Opposed grasp). The grasp that is likely to be successful is

then pre-selected selected from these distinct cases depending on the geometry of the object to be

grasped (e.g. Fig.4.10).

A printable grid (provided with the benchmarking test) is used to consistently place objects

and apply offsets to their positions. Four object locations are tested. Firstly, the object is centred

on the grid and the T-MO oriented directly above the object facing down. For the remaining three

tests the position of the T-MO is fixed and the object is shifted by 1cm in the x, y and z directions

to make it more difficult to grasp. These four positions are hereafter referred to as SP1-4.

The experiment then proceeds as follows. The object is placed at SP1 and a grasp initiated. It

is lifted and held for 3 seconds. The object is rotated 90 degrees about the x axis of the grid and if

still held the test is a success. Only if SP1 is passed are positions SP2-4 attempted. For a more

complete description of the benchmark and scoring criteria see [176].

Whilst, to the best of our knowledge, there is no available score on this benchmark for the

original Model O hand, this will allow for a direct comparison to other available grippers.

4.3.2.4 Test 4: Extended Gripper Assessment Benchmark

An extension to the standard Gripper Assessment Benchmark was proposed by Jamone et al.

2016 [140] to include three more categories of objects: Cubic, Cylindrical and Complex. These

objects are easier to grasp as, unlike in Test 3, none of them are small and flat - like the washers -

nor overly heavy - like the drill. The full list of objects is provided in Table 4.2. The procedure for

the benchmark is the same as for Test 3 with tests being performed at locations SP1-4.

4.3.3 Tactile Perception Task: Edge Detection

The T-MO has been developed as a platform for tactile tasks such as grasping, object identification

and slip detection however it is important to see how the modified sensor compares to the ‘original’

TacTip on acuity tasks. One such task used by Lepora et al. (2019) [106] involved determining

the position and orientation of the TacTip relative to the edge of a 12cm diameter circular disc.

The TacTip was placed with the central pin on the edge of the circle and the major axis of the

camera aligned tangential to the edge. For each tap radial position and angle relative the the edge

were varied randomly. Radial positions were sampled from [-6,9] mm (where negative distances
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Figure 4.11: Architecture of the regression CNN used to predict sensor position and orientation
relative to the edge of a circular disc. The input is a 128x128px greyscale image. Each layer
has type labelled below and the size of the output from that layer above. For example, the first
convolutional layer has 8 filters with a kernel size of 3x3 resulting in an output of (126,126,8) to
the first max-pool layer.

(a) (b) (c)

Figure 4.12: Adaptor for connecting the T-MO sensor to the ABB IRB120 for tactile acuity testing.
As for the regular TacTip it is connected to the robot arm via a bayonet fitting (c).

indicate the sensor being closer to the centre of the disc) and angles from [-45,45] degrees. Each

tap compressed the TacTip to a distance of approximately 3.5mm and seven frames were selected.

A regressor was trained using a convolutional neural network (CNN) which contained four

convolutional layers with max pooling inbetween. Finally two fully connected layers were used

to provide a two dimensional output for radial position and angle. Here, the same procedure

as Lepora et al. is followed for data collection and the same network architecture is used (Fig.

4.11). 1000 taps are collected for training the CNN, split in a ratio of 80:20 for training and

validation. A further 500 taps are collected for evaluating the trained network. As this is solely a

test of the sensor not the entire T-MO hand the sensor is attached to an ABB IRB120 6-DoF robot

arm via a custom adaptor (Fig. 4.12). Before training the image is downsampled from (640,480)
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(a) (b)

Figure 4.13: (a) Items from the YCB object set that the T-MO was able to grasp. (b) Items from
the YCB object set that the T-MO was unable to grasp.

to (128,128) to reduce the number of parameters which need to be optimised. The use of the

same conditions - stimulus, robot, data collection and CNN architecture - is done to allow for a

reasonable comparison between the sensors.

4.4 Results & Discussion

4.4.1 Grasping Validation

The first test was assessing the grasping capability on the entire YCB object set. The T-MO

successfully grasped the majority of the objects in the set only struggling on the larger heavier

objects and the smaller flat ones (successful/unsuccessful objects shown in Fig. 4.13).

Due to the thickness of the redesigned distal phalanges the technique of driving the hand

into the table in order to perform a power grasp was no longer possible. In the human distal

phalanx the nail not only serves to improve finger sensitivity by providing a counter force to

pressure applied to the fingertip (in addition to the solid bone) but it is also useful in executing

precision grasps [236]. In human grasping this is useful for tasks such as picking up small objects

or removing splinters. The T-MO’s tactile sensor has a solid base which provides the necessary

counter force but is too thick to allow for the precise pinch mode to be deployed to grasp small,

flat objects.

Similarly the compliance of the tactile sensors and inability to provide high forces results

in pinch grasps being more subject to failure when given high torsional forces. As the method

of grasping was to find the centre of the object located using the depth camera, objects with a

non-uniform weight distribution - such as the hammer - would rotate out of the grasp. Images

showing the deformation of the tactile sensor can be found in Figure 4.14.

The second test was a comparison to the i-HY hand using ten objects. The grasping weaknesses

identified from the first test resulted in reduced performance for the hammer, file and pen, where

70



4.4. RESULTS & DISCUSSION

Figure 4.14: Tactile sensor internal view when grasping various objects. Significant deformation
of the sensor is clear and differently shaped objects provide noticeably different indentation.
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Table 4.1: Scoring of the Tactile Model O hand at four set points (SP) in the Basic Gripper
Assessment Benchmark provided by [176]. F.O. and A.O. stand for Flat Objects and Articulate
Objects. Total score for this test is 202.5 out of 404.

Object SP1 SP2 SP3 SP4

R
ou

nd
O

bj
ec

ts
Soccer Ball 4 4 4 4
Soft Ball 4 4 4 4
Tennis Ball 4 4 4 4
Racquet Ball 4 4 4 4
Golf Ball 4 4 4 4
Marble XL 4 4 4 4
Marble L 4 4 0 4
Marble M 4 0 4 0
Marble S 4 4 0 0

F.
O

. Washer 1-6 0 0 0
Credit Card 0 0 0

To
ol

s

Marker L 4 0 4 0
Scissors 0 0 0 0
Hammer 0 0 0 0
Flat Screwdriver 2 0 0 0
Drill 0 0 0 0
Clamp XL 4 4 4 4
Clamp L 4 4 4 4
Clamp M 4 4 4 4
Clamp S 4 4 4 0

A
.O

. Rope 8.5
Chain 0

the hand was unable to successfully perform a grasp. However, the remaining 7 objects had

similar results to the i-HY tests, with at least 18 out of 20 trialled grasps being successful. The

i-HY only struggled with the pen. It should be noted that the i-HY hand used in this test was

endowed with MEMS barometric TakkTile sensors, to give a basic array of 4 pressure-sensitive

taxels on each fingertip [159] although it’s unclear whether these were used in the test to assist

with grasping.

To further validate the grasping capabilities of the T-MO hand, a standardised benchmark,

the Gripper Assessment Benchmark, provided by [176] was employed. This test is performed

using the platform and setup described in Section 4.3.1. Overall, the total score achieved for

this benchmark is 202.5 out of 404 and the complete scores for this benchmark are available in

Table 4.1.

The performance of the T-MO hand is competitive with other hand designs, surpassing the

iCub (173/404) and Model T (122/404) Basic Gripper Assessment scores. Other GRAB Lab robotic

hands do achieve better scores on the standard benchmark. These include the Model B, Model

T42 and Model S which score 270, 379 and 402.5 out of 404 respectively. None of these hands have
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Table 4.2: Extended scoring of the Tactile Model O hand in the Basic Gripper Assessment
Benchmark as proposed by [140]. Total score for this test is 176 out of 208.

Object SP1 SP2 SP3 SP4
C

ub
ic

Pudding Box 4 4 4 4
Foam Brick 4 4 4 4
Coloured Wood Block 4 4 0 0
Dice 4 4 0 0

C
yl

in
dr

ic
al Pringles Can 4 4 4 4

Plastic Wine Glass 4 4 4 4
Cup L 4 4 4 4
Cup M 4 4 4 4
Cup S 4 4 4 4

C
om

pl
ex Plastic Pear 4 4 4 4

Plastic Strawberry 4 4 4 4
Plastic Bolt 4 4 0 0
Plastic Nut 4 4 0 0

yet been equipped with tactile sensing. To the best of our knowledge, the T-MO is the highest

scoring hand with tactile capabilities.

The final comparison was the Extended Gripper Assessment Benchmark. The T-MO scores

for this extended benchmark are available in Table 4.2, with total score 176 out of 208. This

surpasses the score of the iCub (164/208) which was being tele-operated by a human controller.

Again, flat objects prove a significant challenge for this hand and result in a drop in overall score.

Whilst it would be possible to modify this hand with a nail design to help grasp flat objects, this

would require significant modification of the tactile sensing part of the design for the sensors to

remain effective.

4.4.2 Tactile Perception Task: Edge Detection

The Convolutional Neural network described in Section 4.3.3 and Figure 4.11 was optimised

using Adam [237]. An initial learning rate of 10−4 was used with a decay rate of 10−6 per epoch.

A dropout rate of 0.25 is used on the first fully connected layer and training takes place over

100 epochs although early stopping with a patience parameter of 5 epochs is used to prevent

overfitting.

When testing on 500 taps randomly sampled in the same angle and radius range as the

training data (Fig. 4.15), the T-MO sensor was able to resolve radius and angle with mean

absolute errors of ~0.2mm and ~2 degrees. This compares well to the hemispherical TacTip which

obtained mean absolute errors of ~0.3mm and ~2 degrees [106].

Whilst this appears to be marginally better at resolving radial position there are a couple

of points that require clarification. Firstly, in Lepora et al. [106] this was tested on a larger test

dataset of 2000 taps making it a more reliable test set. As the purpose of the tactile perception
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(a) (b)

(c) (d)

Figure 4.15: Tapping in at various positions and orientations relative to a circular object. (b)
shows the attachment to the ABB IRB120 6 DoF robot arm.

study is to determine whether the T-MO TacTip has significantly lost tactile sensing performance,

a smaller dataset is acceptable.

Secondly, being hemispherical, when the TacTip is moved away from the edge of the disc (and

away from the centre) less of the tip contacts the surface during the 3.5 mm tap. However, with

the flat surface of the T-MO means that throughout the range of radial motion in this task part

of the flat surface will always be in contact with the edge leading to similar deformation. This

provides an advantage for radial resolution which is not present in the angular data where errors

are the same.

The purpose of this test was to determine whether the new design of sensor retained the

hemispherical TacTip’s strong tactile acuity. Despite comparable performance in radial and

74



4.5. DISCUSSION & LIMITATIONS

angular perception it can only be concluded that the T-MO does retain strong tactile acuity but we

cannot make a fair judgement about relative performance between the TacTip and the T-MO. This

is mainly due to small differences in the experiment and not conducting all the tasks performed

by Lepora et al. [106] such as contour following by tapping and sliding.

4.5 Discussion & Limitations

4.5.1 Tactile fingertip morphology and Actuation Method

Modifying the finger morphology to integrate tactile sensors within an already very capable

grasping system (the Model O) was expected to result in impeded performance, as we have seen

with a modest drop in grasping capability compared with the original i-HY hand (Section 4.3).

Due to the thickness of the redesigned distal phalanges, the technique of driving the hand into

the table in order to perform a power grasp was no longer possible. Even so, the tactile hand still

managed to successfully grasp most objects it was presented with.

Future design improvements to the tactile fingertips will focus around a more compact design

that would help grasp small objects with a ‘fingernail’ and larger objects by sliding under them to

establish a power grasp. At present, to avoid distortion of the tactile image we use a 90°field-of-

view lens, which constrains the camera to be mounted quite high above the sensing surface. One

redesign strategy would be to adopt mirrors that enable the camera to be mounted nearer the

joint, as in the Gel Slim [129]. That said, camera technology is going through a stage of rapid

miniaturization, and it may be a combination of smaller camera with a wide-angle lens would be

a more effective solution. These remain open design questions that are subjects for future work.

The stronger springs required to provide the extension force to relax the fingers - which

are heavier due to the sensor assembly - means that the maximum grasping force that can be

applied is lower. Whilst we are not able to quantify the frictional differences between the TacTip

and the Vytaflex which comprised the distal finger pad in the original Model O the inability to

grasp heavy objects such as the drill may be explained by the TacTip skin being less frictional

than the Vytaflex finger pads. When performing a force closure grasp a lower friction surface

means that the risk of an object slipping is necessarily higher as a higher force needs to be

applied to maintain a stable grasp. Therefore, whilst an underactuated hand makes attempting

to grasp objects simple, a more complex manipulator may be able to compensate for any increased

risk of object slip by establishing a more stable grasp with a greater contact area. However, as

demonstrated, the T-MO design retains strong grasping capability across a wide range of objects.

The use of an underactuted platform makes responding to a grasp failing easy. The hand need

only grip tighter in an attempt to secure the object. For the T-MO the success of this is dependent

on the amount of time taken to detect slip and tension the cables to apply an increased force.

Reducing this latency could be achieved by utilising a faster onboard computer to interpret the

tactile data at a higher frame rate or reduce the resolution of the images which would have the
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same effect. Replacing the tendon driven actuation with motors integrated into every joint would

eliminate time losses when the cable is being tensioned and provide an opportunity for better

grasp planning and in-hand manipulation. Regrasping slipping objects is explored in depth in

the subsequent chapter.

Another future avenue of study could be integrating the TacTip into a robot hand with greater

than three fingers. This would have the advantage of proving greater manipulation capabilities -

particularly if the hand was fully actuated. In-hand manipulation carries many benefits including

being able to reorient objects to find an optimally stable grasp [222]. Potential difficulties would

be from increased computational load and expense from more cameras. Were this to be explored

it may be of benefit to couple this with further shrinking of the TacTip to minimise any loss of

grasping performance from adding tactile sensing; as was experienced here.

4.5.2 Tactile sensor design

Here we use the same 3D-printed skin as in other tactile sensors within the TacTip family, having

an array of pins spaced approximately 3 mm apart developed originally for a 40 mm diameter,

domed tactile sensor [3]. This design choice was for consistency in the absence of a good reason

to customize those aspects, unlike for example the overall shape of the sensing surface which

required customization to fit onto the Model O fingertip. However, it does result in relatively few

pins (a 10×3 array) compared with others in the TacTip family (127 pins in the domed sensor).

Since these pins are used as sensing elements, this may limit the tactile sensor performance.

This was partially addressed by determining the radius and angle of the sensor relative to

the edge of a circular disc. Results were shown to be similar to the hemispherical sensor allowing

us to conclude that the sensor does retain a high level of tactile acuity. However, this was not

done with the entire T-MO system, instead the sensor was attached to a 6-DoF robot arm, but

this does show that shrinking the form factor of the sensor does not significantly affect the ability

to resolve edges. The effect on the tactile sensing capability when using the entire T-MO system

is further explored in the subsequent chapter.

4.6 Concluding Remarks

We have presented a three-fingered tactile hand that comprises a GRAB Lab Model O modified

to include three TacTip optical tactile sensors in its fingertips. Using small camera modules

mounted in the the distal phalanx of each finger coupled with the JeVois vision system housed in

the ‘palm’ of the hand and lightweight TacTip sensors, provided an integrated and sophisticated

tactile sense that complements the grasping functionality of the hand.

To evaluate the capabilities of the tactile Model O (T-MO), we benchmarked its grasping

performance using the Gripper Assessment Benchmark on the YCB object set [176]. In the

Gripper Assessment Benchmark we scored similarly (202.5/404) to the Model T and iCub hands
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(122/404 and 173/404) but were surpassed by other hands produced by the GRAB Lab [238]. This

included a test where the iHY hand (on which the Model O is based) could grasp all 20 objects

and the T-MO could reliably grasp 17 items. The reason for this performance drop is the change

to the finger morphology needed to integrate our tactile sensors within the distal phalanx that

can be improved in future design iterations of the hand (Section 4.5.1).

For a final comment, it should be noted that further tactile tasks including object classification

and grasp success prediction were presented by James et al. (2020) [239] but not included in

this thesis. It was shown that the T-MO provided comparable results to other, more expensive,

robot systems such as the BarrettHand,[240] Schunk[241] and iCub[242] hands even though it

has a much lower cost (costing less than £1100 to make). Most of the T-MO’s cost is actually its

motors, followed by the 3D-printing and camera costs, so it may be possible to reduce these costs

still further. A benefit of building the hand ourselves is that we can quickly fix issues such as

accidental damage or parts failure, while being 3D-printed means the hand can be adapted to

various applications and we can fix design problems that only become apparent later in its use.

In summary, the Tactile Model O has modestly reduced grasping performance compared to the

GRABLab Model O. However the smaller sensor retained high tactile acuity. It is unsurprising

that altering the fingers to include tactile sensing would affect grasping performance. The

question that remains is: given the T-MO is a capable grasping system, what are the advantages

of tactile sensing in this hand when performing real-world tasks? This will be addressed in the

next chapter when we investigate how the T-MO performs as a slip detection system.
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SLIP DETECTION WITH THE TACTILE MODEL O

This chapter contains the work testing the Tactile Model O’s (T-MO, presented in Chapter

4) ability to detect and react to gross slip. I investigate how the TacTip fares for slip

detection when it is scaled down in size and when the number of sensors is increased

from one to three. This is followed by testing how well the T-MO performs in several ‘real-world’

scenarios where the slip detection functionality is required.

The work presented within this chapter has been accepted for publication in the following

peer-reviewed journal. A contribution statement is included:

• J. W. James and N. F. Lepora, "Slip Detection for Grasp Stabilization With a Multifingered

Tactile Robot Hand," in IEEE Transactions on Robotics, early-access

doi.org/10.1109/TRO.2020.3031245.

Contribution statement: J. James conceived of the presented idea, designed and constructed

the robot hand, conducted all experiments and analysis and wrote the manuscript. N.

Lepora supervised the project and performed critical revisions of the manuscript.

5.1 Motivation & Scope

Tactile sensing is used by humans when grasping to prevent dropping objects [1]. It is well known

that tactile sensing is useful in robotic grasping and provides information complementary to

vision [4, 5], such as contact forces and surface texture. To paraphrase Bajcsy et al. “Vision

hypothesises, touch verifies.”[6] With a sophisticated tactile system a robotic hand could replicate

many of the complex tasks that humans perform with minimal conscious thought.

In Chapter 2 we discussed the importance of slip detection in the context of work presented

over the last three decades. In Chapter 3 I presented a simple, but effective, method of detecting
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slip with a single TacTip when objects were suspended by pressing them against a solid support.

In reality, the utility of this in a cluttered human environment is limited; instead, a multi-fingered

robot hand with slip detection capability is necessary to grasp objects and prevent them from

being dropped. Scaling up from a single sensor to multiple sensors on a robotic hand presents

difficulties such as how to combine control of a many degree-of-freedom (DoF) hand with sensor

feedback. As stated in previous chapters, the TacTip has previously been integrated onto multiple

existing robotic hands. This inculdes the OpenHand M2 [172, 171] and the GR2 [131, 173].

However, neither the T-MO nor any other hand using the TacTip or variants thereof have been

used to perform slip detection.

The field of slip detection is diverse and growing with many new sensors and control methods

proposed to aid its implementation in grasping and manipulation [69, 16]. This based on different

technologies including optical [219, 243, 15], neuromorphic [216, 244] and force sensing [212, 13]

to name but a few. The methods of detecting slip are also diverse with research into both model-

based and model-free approaches. Model-based approaches have included use of beam bundle

models [245] and friction cones [207] and model-free approaches have included everything from

random forests [197, 185] to the increasingly popular deep learning [13, 170, 14, 206]. Rosset et

al. (2019) compared a CNN to a model using sensor firing rates in a pick-and-place task with the

model coming out on top [246]. Whilst interesting, this was far from comprehensive enough to

stifle the debate on model-based vs. model-free. The aim of this chapter is to demonstrate the slip

detection and grasp correction capabilities of the recently-developed Tactile Model O (T-MO) hand

[228] using simple, methods. This system integrates the TacTip, an optical biomimetic tactile

sensor [2, 3], onto a GRAB Lab Model O hand [159]. The principal contributions of this chapter

are to:

1. Compare and understand simple slip detection methods based on pin velocity features,

which can be scaled from one to three fingers of the Tactile Model O.

2. Test multiple slip scenarios, including responding to the onset of slip in real time with

eleven different objects in various antipodal pinch grasps (e.g. Fig. 5.1)

3. Demonstrate the benefits of slip detection by testing two real-world scenarios: adding

weight to destabilise a grasp and repeat detection of slip in real-time to perform first time

grasping.

The chapter is laid out as follows. First, another brief overview of relevant literature is given

to further motivate the work. Then the hardware and software methods are described before

moving onto the experiments. The experiments undertaken in this paper are split into three

distinct sections. Firstly, the slip detection capabilities of a single sensor are tested. Secondly,

the capabilities of the entire hand is tested using several natural objects. Finally, the classifiers

developed during the second test are deployed in two tasks which use slip detection to aid

grasping performance. This chapter’s work is to determine whether the Tactile Model O (T-MO)
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(a) (b)

Figure 5.1: The Tactile Model O (T-MO) before and after catching a softball by detecting slip and
reacting to prevent it from being dropped.

is able to detect when an object is slipping, react to stabilise the grasp, and can be deployed in

several distinct grasping scenarios. Overall, this seeks to answer the third and fourth research

question posed in Chapter 1: can a low-cost multi-fingered manipulator be used to reliably detect

slip? And, can slip detection be used as a metric to evaluate the stability of a grasp and improve

grasping efficiency?

5.2 Background

Much prior research involving slip detection on objects has used 1-2 sensors to hold an object

in a two-fingered pinch or pressing an object against a wall with a single sensor. Veiga et al.

(2015) used the latter with a BioTac tactile sensor [197]. Using a Random Forest classifier they

achieved up to 100% success on multiple objects when detecting a slipping object and preventing

it from falling. Dong et al. (2017) integrated two GelSight sensors onto a two-fingered gripper

and used slip detection to determine whether a grasp was stable and regrasp if necessary [15].

Subsequently, Li et al. (2018) used visual and tactile information to evaluate the stability of a

grasp. With the same hardware they obtained 88% accuracy compared to 82% when using tactile

feedback alone [170].
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(30 x 2) array of 
pin positions

x
y

Figure 5.2: Data flow schematic of the Tactile Model O (T-MO). From left to right: T-MO with
embedded cameras; TacTip sensor with 30 pins; JeVois vision system captures image of sensor;
TacTip pins detected using Python and OpenCV (camera axes shown); (30x2) array of pin
coordinates sent to control PC.

Dong et al. (2019) used a modified GelSight sensor, the GelSlim, to detect slip and to perform

a task - screwing on a bottle cap [215]. The GelSlim uses a mirror array to reduce the size of

the pinch gripper whilst utilising the same sensing technology as the GelSight. The GelSlim

is a soft optical tactile sensor with markers embedded in a gel. By deforming around objects a

high resolution image of an object’s morphology can be obtained as well as using the markers

to determine how the object is slipping. They used this ability to screw and unscrew a bottle

cap. A similar sensor, the FingerVision, also uses markers embedded in a soft gel to perform slip

detection [14]. They use a convolutional LSTM neural network to detect slip and obtain a 97.62%

classification success rate but do not detect slip on-the-fly in grasping experiments.

Other work has involved increasing the number of sensors and the variety of slip scenarios.

Stachowsky et al. (2016) used contact force sensors to detect slip on a held object and also when

picking up various objects to determine, in real time, the required grasp strength [212]. Li et al.

(2017) used a Barrett three fingered hand with a 3x8 tactile array and a force sensor on each

fingertip to detect slip. They used an SVM and achieved up to 96% success at detecting slip on a

variety of objects, although the hand did not react to prevent the object from being dropped once

slip is detected [213]. Veiga et al. (2018) used up to five BioTac sensors on two different hands to

stabilise grasped objects and prevent them from being dropped [183]. The control mechanism

increased normal force on an object when slip was predicted and slowly released its grip to find

the optimum grasping strength. Li et al. (2014) also use BioTac sensors to predict when a grasp

is failing and deploy two strategies to find a stable grasp [191]. Our approach here is to consider

a tactile-enabled manipulator that is midway in control complexity (the 4-DoF Tactile Model

O) in combination with an simple slip detection method that extends naturally from one tactile

fingertip to a many-fingered hand.
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5.3 Hardware Description

5.3.1 Robotic Hand

For this experiment we are using the Tactile Model O (T-MO) discussed in Chapter 4. As a brief

reminder this consists of a GRAB Lab Model O [159] which has been modified to contain three

TacTip tactile sensors (Fig. 5.2). The sensors are significantly smaller than the original TacTip

size but retain the same working principle.

It contains three JeVois machine vision systems [235] which are used to capture images at 60

frames per second (340x280 resolution) and track the pin positions (Fig. 5.2). The pin data is then

sent to a control PC for input into a classifier or control system. The ability to perform onboard

processing reduces the computational load on the control PC which would allow the T-MO to be

used on a less powerful setup. This also opens up the possibility of using the T-MO on a fully

autonomous mobile system where computational power is at a premium.

The hand contains three under-actuated fingers which each contain two joints but a single

actuatable degree of freedom. This allows the fingers to conform to the shape of any object without

needing a complex control framework to individually actuate each joint. Two of the fingers can

also rotate through 90° about their base to allow for different grasping modes. This rotation is

mechanically coupled so constitutes only a single degree of freedom. Overall, the T-MO retains

much of the grasping capabilities of the original Model O whilst gaining a tactile sense.

5.3.2 Experimental Platform

The T-MO is attached to a Universal Robots UR5 six degree-of-freedom robotic arm. The majority

of the experiments are conducted involve the T-MO grasping objects from the YCB Object Set

[176] to test how the hand copes with slip detection experiments on natural objects.

Prior to this it is useful to compare the slip detection capabilities of the newly developed small

tactile sensor compared to the ‘traditional’ larger TacTip. To test this we reused the slip detection

rig used in James et al. (2018) [243] (and Chapter 3) which consists of a 3D printed flat shape

which can move vertically in a low friction rail system (Fig. 5.3).

The purpose of the low friction rail system is two-fold. Firstly, it provides a very controlled

environment in which to test how well a tactile sensor can perform slip detection. Secondly, it

allows for direct comparison between different sensors using the same platform. The two rails

are Igus Drylin N linear guides which prevent the object from rotating and falling out of the rails

whilst minimising the effects of friction.

83



CHAPTER 5. SLIP DETECTION WITH THE TACTILE MODEL O

5.4 Software Methods

5.4.1 Tactile Data

One goal of this work is to develop and test a classifier that can accurately distinguish between

when an object is slipping over the surface of a sensor and when it is static - i.e. is held securely.

The first step towards doing this is to process the raw tactile data. As mentioned in the hardware

section 5.3.1, the output from the sensor is a 2D list of the pin positions. Our use of pin positions,

as opposed to using raw images [228], is because it gives a direct measure of slip from the

movement of fixed points on the sensor surface. In previous work, these have been demonstrated

to be an effective feature set for slip detection [243].

Before being passed to a classifier we prepare the data by converting the pin positions into

velocities. This is done by subtracting the previous pin positions from the current positions; as

the data is received at 60 Hz this gives the rate of change of pin positions per frame which is

analogous to velocity. The vector of pin velocities is collected in Cartesian coordinates (∆xi,∆yi)

for 1 ≤ i ≤ 30, and transformed by: ∆r i =
√
∆x2

i +∆y2
i and ∆θi = arctan(∆yi/∆xi). The angular

component (∆θi) of the pin velocities is shifted to have a mean of zero with respect to the x-axis of

the camera, which means that the data is independent of slipping angle and should thus allow the

classifier to detect slip in any direction. This yields a 60-dimensional time-series input (∆r i,∆θi)

to the classification method.

5.4.2 Classifier Description

As described in the introduction, our approach here is to use a simple, interpretable slip-detection

method that extends naturally from one tactile fingertip to a many-fingered hand. In prior work

(James et al. 2018), we showed that a support vector machine is an effective detector of slip on

tactile data preprocessed into pin positions for a single sensor [243]. However, that demonstration

left unanswered questions such as why the SVM is an appropriate method or whether other

classification methods would be better suited.

Here we justify the appropriate method by comparing three distinct binary classifiers that

can detect slip: first, a threshold on the magnitude of mean pin velocity; second, a support vector

machine applied to either linear or nonlinear combinations of pin velocities; and third a logistic

regression (LogReg) method applied to individual pin velocities. These classifiers were chosen to

progressively increase in their sophistication while maintaining an interpretation in terms of the

pin velocities being a direct measure of slip occurrence.

5.4.2.1 Threshold Classifier

This first decision method simply takes the magnitude of the average pin velocities for each time

sample and uses a threshold to decide whether slip is occurring or not. Since the pin speeds

are expected to be higher and the velocities co-linear when slip occurs, data falling above the
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threshold T is considered to be slipping. The vector of thirty pin velocities is reduced to a single

dimension and determined to be slip if it exceeds a threshold T:

v =
√√√√(

1
30

30∑
n=1

∆xi

)2

+
(

1
30

30∑
n=1

∆yi

)2

≥ T. (5.1)

This metric means that frames where the pin velocities have a wide angular distribution will

give a smaller value than when they are co-linear. Intuitively, one might expect that this method

would be effective at slip detection with the TacTip tactile sensor using the pin velocities, because

these directly indicate slip. However, as we will see in the results, the classifier suffers from not

rejecting false positives - i.e. detecting slip from changes of pin position not related to slip.

5.4.2.2 Support Vector Machine

SVMs work by separating multi-dimensional data into two classes, using a hyperplane that best

separates the training data of the two classes. In practise, this decision boundary is constructed

from finding two parallel hyperplanes that maximally separate the classes, then taking choosing

the hyperplane midway between. If data cannot be linearly separated it can be transformed

using a nonlinear kernel before constructing the hyperplanes. Here we test both a linear and a

Gaussian-kernel SVM to find the best classifier. For the pin velocity data considered here, the

SVM classifiers can be interpreted as detecting slip by where the vector of pin velocities falls

relative to the hyperplane.

For the case of a Gaussian kernel, two additional hyperparameters must be optimised. The

first is a regularization parameter C that gives the trade off between correctly classifying data

and maximally separating the two classes: a small C results in a narrow boundary (distance

between separating hyperplanes) but many misclassifications, and vice versa for large C. The

second hyperparameter, γ, is the kernel scale, which can be seen as setting the complexity of the

class boundary. For small values, γ, will have little effect on the data and the decision boundary

will be drawn as for a linear SVM; for large values the, decision boundary can be very complex by

fluctuating greatly to put individual data points on one side of the boundary, and therefore has

the tendency to overfit. For a more detailed description on SVMs see [225].

5.4.2.3 Logistic Regression

LogRegs are an effective machine learning technique that are simple to implement and commonly

used to provide a baseline when comparing to other methods [247]. They are binary classifiers

which assign an observation to a class given a set of input variables, in this case pin velocities, by

using the logistic function to give a hypothesis based on a decision boundary

hθ(x)= 1
1+ e−θ·x

(5.2)
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Single Finger Slip Detection Rig
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Figure 5.3: Low friction rail system for testing slip detection capabilities of a single sensor. (a)
Flat object being held prior to slip occurring. (b) Object being caught after slip has been detected;
a clear drop in height is present which is detectable by the ArUco optical marker.

where x = (1, x1, x2, ..., xm) is a vector of observations and θ = (θ0,θ1,θ2, ...,θm) are the model

parameters to be determined from optimizing the fit of hθ to the class labels. Then the prediction

will be class 1 (slip) if

θ0 +θ1x1 + ...+θmxm ≥ 0 (5.3)

As here these m observables are the pin velocities, the LogReg method may be considered as

analogous to the threshold classifier above but using individual pin velocities.

To avoid overfitting we introduce a regularization parameter C that penalises large fluc-

tuations in the model parameters. All the SVMs and LogRegs in this work are trained using

Python’s scikit-learn package with functions SVC and LogisticRegression respectively. Hy-

perparameters are determined using Bayesian optimization with the scikit-optimize function

BayesSearchCV.
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5.4.3 Classifier Evaluation

A subtlety in applying the above classifiers to slip/non-slip data is that there are usually more

examples of non-slip than slip, but we do not want to discard data that could give a better

classifier. Then the normal method of using accuracy to evaluate the classifier ceases to be a

good method. A more reliable metric in such cases is the F1 score, which takes into account the

Precision and Recall defined as:

P = TP
TP +FP

(5.4a)

R = TP
TP +FN

(5.4b)

where TP is the true positive rate, FP is the false positive rate and FN is the false negative

rate. The F1-score is then:

F1= 2
P ×R
P +R

. (5.5)

As this does not take into account true negatives we calculate the F1 score for each class and

average the result.

5.5 Single Finger

5.5.1 Experiment Description

The first task uses the slip detection rig (Fig. 5.3) to test the slip detection capabilities of a single

sensor in the T-MO. The rotationally-fixed finger (bottom finger of left hand side of Fig. 5.2) held

the 3D printed object at the top of the rail system by pressing against it and then retracting at a

random speed between 0.1 and 5 mm s−1 to induce a slip. The tactile fingertip stopped recording

when the UR5 robot arm had finished retracting and therefore, due to the variation in speed,

each test has a different number of frames. For this test we collected data using only a single

finger.

To label the data we placed an ArUco optical marker on the slipping object and recorded its

height with another JeVois camera. Any frames from the TacTip that arrive after the ArUco

begins to fall are labelled as belonging to the slip class and any that arrive prior to this are

labelled as static. This makes the labelling process autonomous and contains no labelling bias

that could have occurred if performed manually.

As the amount of time spent not slipping vastly outweighs the time spent slipping there is a

large class imbalance between the static and slip classes. To have enough data in the slip class

we ran the data collection procedure 100 times which will be evenly divided between training

and test sets. However, there is another issue here. Whilst finding the boundary between static
and slip is simple, finding the point at which the slip ends is somewhat arbitrary in this dataset.

What we are interested in is confidently finding the boundary between non-slip and slip and
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Figure 5.4: Probability density of magnitude of mean pin velocity for all slip and static samples
in the training set with optimal decision threshold (T) marked. The static distribution has a long
tail which is what causes the threshold to be unreliable. The long tail is barely visible due to
the large imbalance in sample numbers therefore if the threshold were moved into the valley
between distributions there would be an unacceptable number of false positives.

then reliably detecting the continuation of slip for as long as possible such that when detected an

action can be taken to minimise slippage. Therefore, we varied the number of frames nslip in the

slip class from 1 to 15 to obtain the classifier which is most reliable at detecting slip for a given

number of frames after slip commences.

We tested three methods to find the best offline classifier: a threshold on magnitude of

average pin velocity, a logistic regression and a support vector machine (SVM). The threshold is

attempting to identify whether the spike in all pins speeds when slip occurs can be accurately

identified whereas the SVM and LogReg can be seen as looking at what happens to each pin

individually and drawing a complex decision boundary to best distinguish slip from static.

As is common in many machine learning methods, large datasets can be difficult to handle (e.g.

the time taken to optimize an SVM scales as the number of samples squared [248]). Therefore for

efficiency, we tested the effect of downsampling this data. To find the best classifier offline, we

vary the number of frames in the ‘slip’ class and randomly downsample the data before optimising

each classifier. Downsampling by a proportion d leaves a dataset of size N ′ = dN0 + N1 for a

dataset with N0 samples in the static class and N1 samples in the slip class. Note, we do not

downsample the slip class as the effect of varying the slip samples is already being considered.

The optimised classifiers are then tested on the entire test set.
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Example Pin Velocity Quivers

(i) Slip (ii) Slip (iii) Static (iv) Static
Figure 5.5: Example pin velocities: (i) slip - right of T; (ii) slip - left of T; (iii) static - right of T; (iv)
static - left of T. (iii) has large arrows with a sufficiently large mean vertical velocity component
to place it on the wrong side of the boundary leading to an incorrect classification. (ii) is a sample
from several frames after slip onset where the velocities have shrunk resulting in a value < T
and incorrect classification.

5.5.2 Results

5.5.2.1 Offline performance

The first test was the offline performance of the slip detection using pre-collected data with the

single finger.

Threshold method: The threshold was chosen by testing ten values between the magnitude

of mean pin velocity across all static samples and all slipping samples. The best performing

threshold was an average of 0.13 pixels per second which had an F1-score of 0.753 on the complete

dataset with eleven frames in the ‘slip’ class. As we will see, this is significantly worse than the

SVM and LogReg classifiers (typically above 0.9), and so demonstrates that a more sophisticated

classifier is necessary to capture the complexities of the boundary between slipping and static.

The threshold was selected by optimising F1-score which is useful when evaluating classifiers

trained on imbalanced data [249], as is the case here. The poor performance of the threshold

method seems to be due to the optimal threshold significantly overlapping with the slip class (Fig.

5.4). This can be seen in pin velocity quiver plots (Fig. 5.5), where Fig. 5.5(iii) is from the static

class but would be misclassified as slip with the threshold classifier.

This signal may be caused by initial contact with an object which is not slip and results in

large pin velocities but the distribution remains significantly different from slipping. Similarly,

Fig. 5.5(ii) is slip but would be misclassified as static as it occurs around eight frames after slip

onset where fewer pins are still moving leading to a weaker slip signal. We want the classifier to
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Figure 5.6: Heatmaps of F1 scores of (a) Logistic regression and (b) SVM when altering the
amount of data in the ‘static‘ class by randomly downsampling and altering the number of frames
used in the ‘slip’ class. The SVM is not significantly affected by downsampling and consistently
outscores the logistic regression. Both methods trail off significantly when downsampling below
30% and with fewer than 5 frames in the ‘slip’ class; these results are omitted for clarity.

be robust to such effects and thus the basic threshold method is not appropriate.
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(c) Classifier Comparison

Figure 5.7: Boxplot showing

comparison of SVM and Lo-

gistic Regression.

It seems as though the threshold should be placed in the gap

between classes (Fig. 5.4) but due the imbalance in the number

of samples in each class this would lead to an unacceptable

number of false positives. The distribution of the ‘static’ data

has a long tail which is scarcely visible in Figure 5.4 due to the

class imbalance.

SVM and LogReg methods: We tested these two classi-

fiers under the effects of downsampling the training data and

varying the number of frames in the ‘slip class. We retained 10%

to 100% of the data in 10% increments and varied the number

of frames in the ‘slip’ class from one to fifteen.

The SVM outperformed the logistic regression across all

tests (Fig. 5.6) giving peak F1 scores of 0.972 (SVM) and 0.957

(LogReg). The logistic regression showed a noticeable drop in

performance when downsampling the data below 60% whereas

the SVM performed well until just 30% of the data was kept;

even scoring best when downsampled to 40%. The mean F1-

score from all SVM classifiers in Fig. 5.6 (a) is 0.960 which

outscores the best score for the LogReg (0.957) which demon-

strates the SVM is the superior method for detecting slip using
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Classifier Kernel γ C DS nslip
SVM Gaussian 1.104 3.989 0.4 13

Table 5.1: Parameters of the Support Vector Machine (SVM) which scored best in offline testing
using a single finger. γ is the kernel scale, C is the box constraint, DS is the downsampling rate
and nslip is the number of frames used in the ‘slip’ class per test.

the TacTip (Fig. 5.7).

However, classification performance is not the only important factor: a fast reaction time is

also critical for catching a slipping object quickly. Therefore it was also important to ensure both

the SVM and LogReg classification methods can classify new data quickly. We verified that both

are able to classify in sub-millisecond time, which is much smaller than the response time of the

hand (>5ms). This allows us to select the method going forward based purely on score.

Classifiers using nslip from 11-15 frames performed best for both methods, so it was hard to

select with confidence the ideal number of frames to choose for future tests. That said, the best

scoring classifier’s parameters can be found in Table 5.1. These parameters will be used for online

testing and to train any future classifiers.

5.5.2.2 Online performance

Having trained the best classifier offline we test the ability of the platform to detect slip in real

time. We used the same rig and experiment setup as for collecting data except this time we want

the finger and UR5 to perform an action to minimise slippage when it is detected.

Again, the object is held in the low friction rail and the UR5 is retracted. When slip is detected

the UR5 moves 1.5mm further forward and the torque on the finger is increased slightly. These

were justified as once the object starts moving more force is required to stop it than to hold it

without slipping, but moving too far forward risks damaging the sensors by over compressing

them. 1.5mm was therefore chosen as it gives sufficient additional force without damaging the

sensors.

Two reaction strategies were used: first, if any frame was classified as slip we performed the

predefined action to catch the object; second, we required two consecutive frames to be classified

as slip before the action was taken. The latter reduces the likelihood of false positives triggering

an action too early at the cost of slower response times. We tested each scenario 50 times. The

ArUco marker was again attached to the object to track how far the object slipped before being

caught and to independently verify whether a test failed or an action was taken before slip

occurred.

Table 5.2 shows similar catch success between the two scenarios. The major difference is in

false positive rate which drops from 20% to 0% when using two consecutive frames to trigger an

action rather than a single frame.
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N Frames Caught (%) FP (%) Dropped (%) d (mm)
1 74 20 6 21
2 72 0 28 29

Table 5.2: Online slip detection and catch success. High success at catching the object was
achieved in both tests but waiting for two consecutive frames to be classified as ‘slip’ greatly
reduces the false positive responses. In the second scenario slip was correctly detected in each
test but the single finger was unable to provide enough force to stop the object in time. N Frames
refers to the number of consecutive frames classified as slip before an action is taken. FP is
false positive (action triggered before slip) and d is the average distance slipped before being
successfully caught.

It should be noted that in the second scenario it never failed to detect the slip and the lower

catch rate was due to it being unable to stop it in time. This is probably due to needing a large

amount of force to stop the object slipping once it builds up some downwards momentum and

the object being quite small. The finger also has a some flexibility that gives a small latency

between moving the motors and a force being applied. We anticipate that there will be additional

subtleties when using all three fingers to grasp an object rather than using a single finger and a

low friction rail system, which examine next.

A related prior study by James et al. (2018) [243] demonstrated that a larger TacTip could

perform slip detection and react to catch an object sliding in a rail (same setup as Fig. 5.3) after

only 16mm of falling. Under the same conditions we obtained distances of 21mm and 29mm

depending on the strategy used to respond to slip. These reduced scores are most likely explained

by the cameras here running at 60FPS compared to 100FPS in the TacTip and the flexibility of

the T-MO’s fingers leading to a reduced force being applied to stop a falling object. Nevertheless,

the T-MO’s demonstrated ability to successfully stop slipping objects within a short distance and

the ability to deploy slip detection in realistic scenarios represents a significant advance.

5.6 Whole Hand Testing

5.6.1 Experiment Description

Having determined the single finger performance we then need to test how effective the T-MO

hand is at performing slip detection and re-grasping natural objects with all three fingers. This

gives a good indicator of how well the T-MO will perform when slip detection is deployed in

realistic scenarios.

For consistency, we follow a similar approach to the previous section in regards to training

data collection and testing. We therefore select objects that can be easily grasped and tracked by

an ArUco marker: five objects from the YCB Object Set [176] which vary in shape, weight and

surface smoothness and yet could be reliably tracked to detect the onset of slip for training data

labelling (Fig. 5.8).
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Can 0° Can 180° Windex Soup Bleach Ball

Jello Coffee Mustard Brick Banana Cat

Figure 5.8: Grasps used for online testing with eleven different natural objects. We tested with
the hand in various orientations and used different number of fingers in contact with the object
to demonstrate robustness. The left two images show the crisps can held at 0°and 180°for testing
in Section 5.6.2.2. Objects in black were used for collecting training data. All objects (including
the remaining six novel objects, in red) were used for testing.

The primary added difficulty when scaling up from one finger to three is that the dynamics

of the onset of slip become more complex. For example, when a grasp is relaxed one finger may

begin to slip before another and, crucially, before the object starts to drop and is registered by

the ArUco marker. To combat this we used a constant finger movement speed when deliberately

dropping the object (≈ 0.5% of the maximum finger movement speed which is approximately 0.07

rad s−1) which we found to be a good compromise between moving too slow (which contaminates

the dataset labels when some sensors slip before others) and too fast (resulting in slip onset

occurring before sufficient tactile data is collected). To find the best classifier for use in real-time

scenarios we trained classifiers under two conditions.

Firstly, we trained a distinct classifier for each finger, each using training data from that

single sensor alone. Each of these three classifiers would then be used to classify new data from

the sensor from on which it was trained. The justification for this is that, although extremely

similar, each manufactured TacTip will have slightly different properties that may lead to a

one-size-fits-all classifier being inappropriate. We will refer to these three classifiers collectively

as the local classifier from here on. The drawback of training classifiers on a per-sensor basis is

that in different grasps the load will be distributed differently among the three sensors.

The second approach we tested, therefore, was to train a single classifier on all the data from

all sensors to encapsulate a more general picture of what constitutes slip and ultimately be more
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versatile. We will refer to this classifier as the global classifier from here on. This global classifier

has the advantage of having knowledge from multiple grasp loads without the disadvantage of

needing collect data in many different orientations. In each case we deploy a classifier on data

from each sensor individually so that each can independently determine if it is slipping. For the

local it is a different classifier for each sensor and for the global it is the same. This is necessary

as, at any time, some sensors can be slipping whilst the others are not. Additionally each sensor’s

frame rate can vary slightly which so classifying on each sensor separately reduces classification

latency.

In total we have four classifiers, three for the local case and one for global. The best classifiers,

trained offline, in both of the above cases can then be tested online using the five objects used

for data collection and with another five novel objects from the YCB dataset to determine the

success of the T-MO at real-time slip detection and grasp recovery. A sixth novel object is also

used; a highly deformable cat which we test both on its own and with a 100g mass adhered to the

underside.

As demonstrated in the single finger case we can change how we react to slip to combat

limitations in the classifier such as false positives. With three sensors we increase the parameters

at our disposal for developing a strategy to respond to slip and this should be sufficient to balance

any drop in classifier performance that may occur when scaling up from a single sensor to three.

The parameters we can vary are

1. Number of consecutive frames detecting slips: NFr

2. Number of sensors detecting slip: NSen

The first variable allows each sensor to gain more information before deciding that slip is

occurring in the hope of reducing false positives. The second variable allows us to wait until more

sensors are slipping before the hand responds. Both variables determine how cautious we should

be with the first setting the cautiousness on the single sensor scale and the second on a global

scale.

5.6.2 Results

5.6.2.1 Offline Performance

The training data for this section was collected from five different objects selected from the YCB

object set (Fig. 5.8). We held each object in a cylindrical pinch grasp - thumb opposed to other

two fingers - by closing the fingers until the object was stable and then released the grasp until

the object slipped. We performed this twenty times per object split equally between training and

testing sets.

As for the single finger case we have a total of 50 training runs (10 per object) and 50 test

runs. The ArUco marker on each object allows us to label each frame as either slipping or static.
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We, again, downsample the number of frames in the static class to 40% of its original size to

bring the balance of frames in each class closer together and also reduce training times. We again

use thirteen frames in the slip class which was previously shown to perform best.

In total four classifiers were trained; one for the global classifier and three for the local. The

first was trained on the data from all three sensors to provide a one-size-fits-all classifier (global

classifier) and the remaining three were trained on the data from a single sensor to account for

any small differences between sensors (local classifier). As expected, the local classifier performs

better with an average F1-score of 0.833 as against 0.822 for the global classifier. Note that for

comparison we also tested the classifier trained previously on just a single finger using the slip

rig (Sec. 5.5): this scored 0.627, which demonstrates that the data is different when grasping an

object with the entire hand.

Looking at the three classifiers in the local case individually gives F1-scores for the three

sensors of 0.869, 0.824, 0.805 respectively. The finger of the first sensor is opposed to the remaining

two in these tests so has to provide enough force to balance the force from the other two. This

means that the sensor will be more compressed, causing the pins to move more and therefore

providing more tactile information which may explain the higher score.

Another notable issue here is the large drop in F1 scores when going from the single finger to

the whole hand. This is most likely due to the increased complexity of the dynamics when slip

occurs in the whole hand and demonstrates the difficulty in scaling up from one sensor to three.

With the single finger the object is either slipping or it is static so labelling the data is easy. Once

the ArUco marker registers a drop in height we can be certain that slip is occurring. With three

fingers the object could slip on one or two fingers before the ArUco registers that the object is

falling. This can confuse the stick-slip boundary and therefore reduce the success of the classifier.

However, the real test of the hand’s ability to detect slip will be when performing slip detection

online.

5.6.2.2 Online Performance

The first online test was performed on a single object, the crisps can, to determine how well the

offline results work in real time and to develop a strategy to respond to the onset of slip. The test

conditions are the same as for the single finger case. We grasp the object and slowly release until

slip occurs. When detected we close the fingers to a tighter position than the start to counteract

the momentum of the falling object. This position is 2% of the finger motion range and was chosen

to add more force but not grasp the object too tight. We, again, record the height of the object

with an ArUco marker to calculate falling distance and identify any false positives.

Primarily, we want to determine which of the two classifiers developed in the previous section

performs best online: the global (trained on data from all sensors) or the local (three classifiers

each trained on a separate sensor). To do this we tested two different grasps: the first is the

same as the training data and for the second we rotated the hand through 180° (Fig. 5.8). Grasps
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SVM Strategy Grasp TP FP FN D (mm)
Local

2Fr3Sen
0° 100 0 0 39

Global 0° 100 0 0 40
Local

2Fr2Sen
0° 100 0 0 25

Global 0° 100 0 0 28
Local

1Fr3Sen
0° 100 0 0 35

Global 0° 100 0 0 35
Local

1Fr2Sen
0° 60 40 0 17

Global 0° 80 20 0 16
Local

2Fr3Sen
180° 70 0 30 63

Global 180° 100 0 0 38
Local

2Fr2Sen
180° 90 0 10 45

Global 180° 100 0 0 27
Local

1Fr3Sen
180° 100 0 0 34

Global 180° 100 0 0 24
Local

1Fr2Sen
180° 50 50 0 21

Global 180° 70 30 0 12
Local Average 83.75 11.25 5 35
Global Average 93.75 6.25 0 28

All Average 88.75 8.75 2.5 31

Table 5.3: Results from all classifiers (SVM), grasps and strategies when testing in real time the
slip detection capabilities of the T-MO hand. TP: True positive, FP: False positive (reacted before
slip), FN: False negative (item dropped) all (%). D is average slipping distance in mm.

hereafter referred to as 0° and 180°. Both are three fingered cylindrical pinches but by rotating

the hand the force distribution on the second and third fingers will be distinct which should

inform us which classifier copes better with variation.

Additionally, we want to discover how changing the slip response strategy affects performance.

As mentioned in Section 5.6.1 we can vary the number of consecutive frames classified as slip

before a sensor will be confident that slip is occurring and we can vary the number of sensors

simultaneously detecting slip before a response is taken. It was quickly determined that using

just a single sensor to trigger slip was going to lead to greatly reduced performance compared

with waiting for 2 or 3 to slip therefore this was omitted from further testing. The remaining four

strategies used are:

1. Two consecutive frames, three sensors, 2Fr3Sen.

2. Two consecutive frames, two sensors, 2Fr2Sen.

3. One frame, three sensors, 1Fr3Sen.

4. One frame, two sensors, 1Fr2Sen.
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Slip Detection Scores for Grasps & Classifiers
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Figure 5.9: Comparison of successes, false positives (FP) and false negatives (FN) when reacting
to the onset of slip with two classifiers in two orientations. Both classifiers score highly but the
local classifier’s inability to generalise to the rotated orientation makes the global classifier the
better choice going forward.

The strategies will henceforth be referred to by the code in the final column of this list. We did

this for both grasps giving a total of 8 different scenarios per classifier.

For each scenario we performed ten trials and the results are summarised in Figs. 5.9 & 5.10

and Table. 5.3. Most of the scenarios scored highly with many scoring 100% and three quarters

scoring 80% and above. A trial is considered a success if the object is seen to fall briefly before the

hand responds and successfully reestablishes a stable grasp.

In general, false positives (reacting before slip visibly occurs) are low across the board (8.75%

across all trials, Fig. 5.9) with all of them coming in the trials where only one frame was required

to be considered a reliable slip signal and only two sensors simultaneously detected slip to trigger

a response (strategy 1Fr2Sen). This is the most sensitive strategy so it is unsurprising that this

leads to the occasional false positive. All the false negatives (object dropped) occurred with the

local classifier when the hand is rotated. This is a different grasp to the training data collection

and the local classifier struggles to generalise but, again, the false positive rate is low (2.5%

across all trials).

When testing in the same grasp configuration as for training data collection (hand 0°) the

classifiers score very similarly with scores of 95% and 90% for the global and local classifier

respectively (Fig. 5.9). When the hand is rotated (180°) the global classifier, again, scores well

with 92.5% which is only a 2.5% drop. The local classifier suffers more here scoring 77.5%. This

explains much of the difference in classifier score when averaged across the 8 trials where the

global classifier - 93.75% - outscores the local - 83.75% (Table 5.3).

The slipping distances (Fig. 5.10) show that the the global classifier performs well in both
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Slip Distances for Grasps Classifiers & Strategies
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Figure 5.10: Slipping distance of the can for each strategy when regrasped after slip detected.
The local classifier struggles in the rotated orientation as it fails to generalise to different grasps.
The most sensitive strategy (1Fr2Sen) has the smallest slipping distance as it requires the least
evidence before it acts to minimise slip.

grasp orientations and all strategies with similar slipping distances for both (30 mm normal,

25 mm rotated). The local classifier in the normal orientation performs similarly however the

performance drops significantly - using all but one of the strategies - when the hand is rotated

180° (29mm 0°, 41mm 180°).

When each sensor only requires one frame classified as slip to give a signal and only two

sensors are required to trigger a response (strategy 1Fr2Sen) the slipping distance is greatly

reduced as against the other strategies - 17 mm across all trials for 1Fr2Sen compared to 31 mm

for 2Fr2Sen which is the next best (Fig. 5.10). This is, again, unsurprising as this strategy is the

most sensitive and therefore reacts fastest to the onset of slip.

What these results show is that the global classifier outperforms the local classifier as it is

able to generalise better to a different grasp and that the more sensitive response strategies are

more likely to result in false positives but will stop a slipping object quicker. For the remaining

tests with the other four objects from the training dataset and the five novel objects we will use

the global classifier - a single SVM trained on data from all three sensors. We also have four

different strategies that can be deployed depending on how sensitive we want the hand to be

when detecting slip and initiating a response.
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Slip Detection Scores for Classifiers & Strategies
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Figure 5.11: Average results for each strategy across all eleven objects (six of which were novel)
when doing slip detection and grasp recovery.

5.6.2.3 Other and Novel Objects

The final test was using the remaining four objects from the training dataset as well as six novel

objects that are completely new to the classifier, two of which are deformable (Fig. 5.8). This tests

how well the classifier generalises to new objects. We test strategies 2Fr2Sen and 1Fr2Sen from the

previous test for each object with ten trials for each strategy. These are chosen as they gave the

smallest slipping distance when regrasping an object (Fig. 5.10). Results are presented in Table

5.4 and summarised in Fig. 5.11.

Both strategies score highly with 2Fr,2Sen marginally outscoring 1Fr,2Sen with successes of

74% and 73% respectively (Fig. 5.11). When 2Fr,2Sen fails it is overwhelmingly due to it dropping

the object (false negative) rather than reacting before slip occurs (false positive) - 3% FP, 24% FN

across all trials. False positive and false negatives are much closer for 1Fr,2Sen which has 13%

FP, 14% FN across all trials. As 1Fr,2Sen is the more sensitive strategy these results are to be

expected. 2Fr,2Sen is less sensitive so requires more evidence before it will initiate a response

therefore more objects being dropped is unsurprising.

Fig. 5.8 shows the variety of grasps used in this experiment. This includes two and three

finger pinches and having the hand in different orientations. As the classifier was only trained

with the hand in one orientation it shows that the classifier is able to detect slip independent of

hand orientation.

Some objects perform worse than others; notably the sponge brick and the cat (Table 5.4).

These are both deformable objects which shows that a more complex response strategy may be

99



CHAPTER 5. SLIP DETECTION WITH THE TACTILE MODEL O

needed to deal with such objects. However, when a 100g mass was attached to the cat the score

raised from 45% to 70% across all trials. The coffee, windex, bleach and banana score highly with

one method (≥ 80%) but struggle with the other. The remaining objects score highly when using

both strategies. The objects in the training set score higher (84%) than the novel objects (70%),

however this is skewed by the Jello which is thin so contact area is small; and the brick which is

light and compliant and therefore caused difficulties.

One final comment that should be made is that there may be a concern that the slip response

could damage very fragile object. However using a force meter it was determined that the peak

force of the slip response was measured to be ~3N which was less than the approximate forces to

crush a cardboard tube (4N), a strawberry (3.5N) or an eggshell (20N) with the sensor - objects

chosen for their perceived fragility. This indicates that the slip response is unlikely to damage

objects.

5.7 Application Scenarios

5.7.1 Experiment Description

The motivation for developing an effective slip detection method using the Tactile Model O (T-MO)

was to use the classifier in real scenarios where slip detection can be used to improve grasping

performance or the effectiveness of the hand. To test this for the T-MO we have deployed the slip

detection capabilities in two scenarios.

Object Strategy TP FP FN

Ball
2Fr2Sen 100 0 0
1Fr2Sen 90 10 0

Banana
2Fr2Sen 90 0 10
1Fr2Sen 60 20 20

Brick
2Fr2Sen 30 0 70
1Fr2Sen 50 0 50

Coffee
2Fr2Sen 100 0 0
1Fr2Sen 50 50 0

Jello
2Fr2Sen 20 0 80
1Fr2Sen 60 10 30

Mustard
2Fr2Sen 90 0 10
1Fr2Sen 90 10 0

Object Strategy TP FP FN

Bleach
2Fr2Sen 100 0 0
1Fr2Sen 70 30 0

Soup
2Fr2Sen 100 0 0
1Fr2Sen 100 0 0

Windex
2Fr2Sen 60 30 10
1Fr2Sen 100 0 0

Pringles
2Fr2Sen 100 0 0
1Fr2Sen 80 20 0

Cat (66g)
2Fr2Sen 30 0 70
1Fr2Sen 60 0 40

Cat (166g)
2Fr2Sen 60 0 40
1Fr2Sen 80 0 20

Table 5.4: Results from all objects. TP: True positive, FP: False positive (reacted before slip), FN:
False negative (item dropped) all (%).
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(a) (b)

Figure 5.12: Grasping object before (a) and after (b) adding rice to destabilise. Slip is detected
and the object is caught after slipping a short distance.

5.7.1.1 Grasp Destabilisation

Firstly, we use it to adjust the grasp strength when weight is being added to an object which is

already being securely held. This is a situation that humans encounter often and handle with

ease such as when liquid is being poured into a glass. By detecting when slip is occurring the

T-MO can increase the grasp strength to compensate for the added weight (Fig. 5.12).

For obvious reasons we avoided using water to add weight and instead we poured rice into an

empty crisps can which has been used in previous tests. This gives a more gradual increase in

weight rather than dropping larger masses in one by one which could be enough to cause a slip

but may not cause the object to fall. This could, incorrectly, appear as though the slip detection is

stopping the fall. A steadier weight increase will eventually cause the object to fall.

5.7.1.2 First Time Grasping

The second scenario is to use slip to find the minimum grasp strength required when lifting an

object. In reality, most solid objects are unlikely to be damaged by most robotic hands on full

power. The user need only establish a candidate grasp, squeeze as tightly as possible and hope it

is stable. This would be disastrous when handling fragile or deformable objects (soft food, thin

plastic cups, etc) and therefore finding the sweet spot between securely grasping an object and

not damaging it is essential.

We close the hand until it is in contact with the object and then raise the UR5 arm. If slip is
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(a) Establish Light Contact (b) Lift Arm; Object Slipping (c) Grasp tightened; Object Grasped

Figure 5.13: The stages of picking an object up first time using solely tactile data. (a) Initial
contact is made with the object. (b) Arm is raised, slip is detected and hand is gripped tighter. (c)
Sufficient force is applied and the object is securely lifted off the table. The difference in finger
position on the can shows that the sensors did slip and the initial grasp was insufficient to lift
the object. This verifies that the slip detection is sufficient to determine the minimum required
force to lift an object of unknown weight.

detected the hand will increase its grip strength and this is repeated until the object is lifted,

first time, without grasping too tight. This allows the T-MO to lift objects of unknown weight first

time using only tactile information (Fig. 5.13).

To establish a grasp with no prior knowledge of the object and no vision system requires the

hand to know when initial contact occurs. By calculating the mean absolute difference between

individual pin positions at time 0 when there is no sensor contact and time t:

d(t)= 1
30

30∑
p=1

√
(xp(t)− xp(0))2 + (yp(t)− yp(0))2 (5.6)

where xp and yp are the Cartesian pixel coordinates of a pin; we can get a crude measure of

sensor deformation.

Using equation 5.6 we can set how firmly to set the initial grasp by slowly closing the hand

until the deformation reaches the desired value. We want to choose this value such that the

sensors are deformed enough that slip is reliably detectable but not so deformed that the object

will be picked up without having to further increase grip strength.

The other variables that we have to consider are the slip detection strategy and the length

of pause after triggering a response to slip. As the fingers are initially not in contact with the

object we want to use the most sensitive slip detection strategy. This would be only a single frame

from a single sensor giving a slip signal to trigger a response 1Fr1Sen. This was not previously

used because it resulted in an action being taken before an object could be detected as falling

by the ArUco marker. When slip is detected the hand is closed a small amount corresponding

to 1% of its entire range. If the movement here is too small then many slips have to be detected

before the object is secure; using this value each increment in grasp position is small enough to

not damage an object but minimises the number of slips required to lift an object. The time delay
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after a response was chosen to be 0.1s which gives enough time for the hand to actually move

and therefore the classifiers now operating on data from the new state to determine if further

squeezing is required.

Determining the amount of excessive force applied when lifting is important to ensure

fragile/deformable objects aren’t being crushed. As the T-MO has no force sensing we estimate

this by measuring the grasp position at which both objects (at all weights) could be lifted

and compared it to the position when using slip detection. We consider the grasp strength as

proportional to the increase in finger position between initial contact with the object and the

grasp position. We therefore define overgrasp as

o = (gslip − gcont)− (gmin − gcont)
gmin − gcont

= gslip − gmin

gmin − gcont
(5.7)

where gcont, gmin and gslip are the grasp positions for contact with the object, minimum position

to lift the object and the position obtained using slip detection to select the grasp. gmin was

determined for each object mass by systematically increasing the grasping strength until the

object could be lifted.

To verify that the object was successfully lifted and that the initial grasp was insufficient to

lift the object we attached an ArUco marker to both the object and the T-MO and tracked their

heights throughout each experiment.

5.7.2 Results

5.7.2.1 Grasp Destabilisation

The first experiment, where rice was added to an empty can, was repeated five times and was

successful in each one. Here we used strategy 2Fr2Sen which cuts a nice balance between avoiding

false positives and having a small slipping distance. A clear slippage was noticed prior to the

hand responding and the can was never dropped. The only negative as that in two of the trials a

small slippage was visible where no response was triggered and then soon after another, larger

slippage did result in the hand gripping tighter. However, as the success criteria is that the object

is not dropped this is insignificant.

Figure 5.12 shows a grasped object before and after slip is induced and detected. A graph of

the height of the object shows that the object moved slightly downwards as rice is added before a

rapid drop in height is notable. This initial small drop is most likely due to the sensors sagging as

they cope with the extra weight rather than a false positive when slip is taking place. Heydarabad

et al. (2017) performed a similar experiment but added weights in larger increments rather than

in small rice grains trying to simulate a fluid as was done here [151]. They successfully detected

slip and prevented the object from being dropped however dropping in a mass to induce slip gives

a much greater signal than slowly adding weight in the form of rice.
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Figure 5.14: Height of the T-MO and the object above the ground when attempting to lift the
object first time. The four stages indicated by background colour: (1) Hand makes initial contact
(2) Arm lifts with insufficient contact force to lift object, slip is repeatedly detected and hand
tightens (3) Object held (4) Object lowered. Heights recorded using ArUco markers (Fig. 5.13).

5.7.2.2 First Time Grasping

In the second scenario we are establishing a stable grasp at the first attempt. We used seven

different crisps can masses from 50g (empty) to 500g and performed ten trials per mass. We

also tested a deformable object, the cat, both on its own and with a 100g mass attached. We set

the deformation coefficient (Eq. 5.6) at 0.5 - this was the minimum sensor deformation which

reliably triggered slip - and raised the UR5 at 17mms−1. To be successful the arm must be rising

noticeably before the object (Fig. 5.14).

The 50g crisps can was right on the lower mass limit and we could not be certain that the

can slipped before being lifted. Each of the remaining weights and the deformable cat (at both

weights) were successfully lifted first time in each of the ten trials. Using Eq. 5.7 we determined

that at masses between 100-300g the grasping position on the solid object was on average 39% too

tight (Fig. 5.15, red line). At larger masses the overgrasp becomes more significant (105%). The

deformable cat was overgrasped by 34% and 74% when unweighted (66g) and weighted (166g)

respectively.

Intuitively, the heavier the object the more the hand would have to close to pick it up and

therefore more slips should be detected. This is reflected in the results (Fig. 5.15, red line) where

the number of independent slips detected - i.e. the number of times the hand gripped tighter -

directly correlates with the mass of the object; therefore the heavier the object the harder the

hand is gripping. These results demonstrate that the T-MO is highly capable at picking up objects
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Figure 5.15: Number of slips detected (red) and overgrasp percentage (blue) when lifting an object
at different masses. The overgrasp is an approximate measure of how excessively tight the grasp
is when lifting. For low mass overgrasp is low showing that the object is picked without grasping
too tight.

of unknown mass first time using only tactile data.

Grasping an object first time without excessive force is an important consideration as it

minimises energy use, increases longevity and does not damage the object. Humans have been

shown to add a safety margin of between 10-40% when preventing objects from slipping [46]

and the results here do not greatly exceed this; although we do acknowledge that the overgrasp

figure can only be seen as a very basic approximation of excessive force. We anticipate that a

bespoke classifier for lifting up objects would perform better but we have demonstrated that

objects will likely be undamaged when lifted by the T-MO. A similar experiment was performed

by Stachowsky et al. (2015) who successfully lifted a deformable cup ten times without damage

[212]. However, they only performed this with a single cup weight. It was also successful when the

gripper’s surface friction was reduced but this still only constitutes two scenarios. Furthermore,

our strategy of repeatedly detecting slip in real-time allows for continuous evaluation of the state

of a grasp resulting in first time success rather than a single decision after a candidate grasp has

been initiated [239] or attempting grasps multiple times [15].

5.8 Limitations and Future Work

5.8.1 Objects for Testing

As investigated in James et al. (2020) the thickness of the fingers on the Tactile Model O (T-MO)

means that the hand struggles to pick up very small and flat object from a surface [239]. This
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restricts the number of objects on which we can perform tests. Given that the purpose of this

paper is to test the slip detection capabilities of the T-MO we deliberately selected objects that

we had previously determined were easily grasped. There would be little point trying to test

how well the T-MO could react to slip on an object that it could barely grasp in the first place.

However, given the objects chosen the method can only be considered applicable to objects which

are graspable with an antipodal pinch.

We have demonstrated that the T-MO is highly capable at slip detection and grasp stabilisa-

tion, and have used these skills in tasks involving slip detection that could be encountered in real

world scenarios. This, coupled with the T-MO’s strengths as a low-cost manipulator, provide a

solid motivation to refine the design to improve grasping performance and subsequently widen

the range of objects on which slip could be detected.

5.8.2 Classification Method

One of the advantages of the onboard processing units, the JeVois, encased within the T-MO is

their ability to reduce computational load on the control PC. By processing their own data into

either pin positions the PC does not need to process three high bandwidth video streams and can

communicate with the JeVois over low bandwidth serial ports.

Prior work with the T-MO (when using raw images) operated at a low frame rate (20fps) to

allow for high resolution images to be captured and had significant latency given the classification

time when using a deep convolutional neural network. We do not use those methods here as the

high frame rate (60fps) and low latency from using pin positions is beneficial when responding to

events which happen on a very short time scale. We have demonstrated that using pin positions

provides an effective tactile signal for slip detection and gives the T-MO hand the ability to

perform grasping tasks. Further work exploring the use of high frame rate image capture and

using the JeVois’ onboard processing to run small TensorFlow Lite models on raw images would

be interesting however it is beyond the scope of this study.

The dimensionality of the classifer was chosen to match the 60-dimensional output of the

JeVois after pin detection. It is possible that the spatio-temporal pattern relating to slip exists

in lower dimensional space and the SVM is overfitting. Indeed, it is well known that, after a

certain point, the addition of more dimensions to a classifier will start to hamper performance

[250]. Therefore, learning a lower dimensional representation of slip could result in increased

performance and may also provide faster inference times and faster training. However, as the

number of dimensions matches the dimensional output from the sensor the choice of SVM

dimensionality is justified.

Another possible choice of dimensionality would be to use a sensor which outputs a single

dimension as input to a classifier. The primary advantage of this would be the ability to have

a higher sampling frequency to provide a faster reaction time. For example, a previous study

used the 2.2 kHz pressure sensor within the BioTac sensor for slip detection [198]. However, the
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pins provide a fiducial marker for the movement of the sensor surface the movement of which

is clearly visible when slip occurs whereas with a single dimensional sensor it may be difficult

to physically interpret the slip signal. Even with the lower frequency pin detection the T-MO

performs well at real-time slip detection and grasp recovery but nevertheless investigating ways

to reduce reaction time is crucial for future performance improvements.

5.8.3 Incipient Slip and Slip Prediction

A significant area of research within tactile sensing is the detection of incipient slip where part

of the contact surface is slipping and part is static - as opposed to gross slip where the entire

contact surface is slipping which has been investigated here [16]. Incipient slip is a complicated

phenomenon which is strongly influenced by the surface properties of the tactile sensor and the

object being held including coefficient of friction and surface geometry. Depending on conditions it

may only be present on a short timescale. This means the ability to detect incipient slip depends

on the frame rate at which tactile sensors operate as well as the properties of the sensor’s surface.

A preliminary examination of the data did not indicate the presence of incipient slip and reliable

detection of incipient slip with the T-MO would likely involve significant modification to the

T-MO’s hardware and therefore goes beyond the scope of this study.

Here, using gross slip detection, we have demonstrated strong performance at grasping

objects, preventing novel object from being dropped and presented several control strategies

which can be used depending on the task all without relying on incipient slip. We anticipate that

making the necessary changes required to detect incipient slip would enhance performance and

we will investigate this in the future.

5.9 Concluding Remarks

We have presented a method of using a three-fingered hand with integrated optical tactile sensors

- the T-MO - to perform slip detection with a Support Vector Machine. Using various simple slip

response strategies we grasped objects at the first attempt, performed slip detection on novel

objects and regrasped slipping objects .

Scaling up from one to three sensors represents a significant challenge as the complexity of

the interaction between the object and the sensors increases greatly. This means that there is no

guarantee that the features present in the single finger case will be prominent or even present

in the three finger case. Additionally, the robot hand platform must be capable of collecting

tactile data, classifying it and react quickly. Therefore demonstrating that the T-MO is capable of

preventing a slipping object from being dropped is the culmination of two distinct contributions.

The aim of this chapter was to determine whether a low cost manipulator can be used to

reliably detect slip and whether that ability can provide a metric of grasp stability and improve

grasping efficiency. This chapter has demonstrated that the Tactile Model O (T-MO) is a highly
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capable slip detection platform when using a support vector machine as a classifier. The T-MO

was able to detect slip in novel objects when an antipodal pinch grasp is used and was robust to

changes in grasp and slipping direction. I also developed different strategies for reacting to slip

detection which can be used depending on the scenario. This work demonstrates that a low cost

manipulator can indeed be used to reliably detect slip.

The developed classifier was used in two realistic scenarios where the ability to detect slip

allowed the T-MO to pick up an object of unknown weight with the approximate minimum

necessary force and prevent it from being dropped when the weight was changed. This also

demonstrated that the ability to detect slip serves as a useful and robust metric for determining

grasp stability in several scenarios and by demonstrating first time grasping without excessive

force it has also been shown that slip detection can improve grasping efficiency.

To summarise, this chapter has demonstrated that a low-cost multi-fingered manipulator can

be used to reliably detect slip and that slip detection can be used as an metric to evaluate the

stability of a grasp and improve grasping efficiency. This has therefore answered the third and

fourth research questions posed in Chapter 1 and in doing so has settled the lingering question

from Chapter 4 regarding whether the addition of tactile sensing to a robotic manipulator enhance

effectiveness of the system. In the following chapter we will return to the single sensor to address

an issue which was touched upon in this chapter, incipient slip.
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INCIPIENT SLIP

This chapter concerns two design iterations of the TacTip for inducing and detecting

incipient slip. This includes modifications to the TacTip design, methods used to detect

incipient slip and experiments performed in real time to prevent objects being dropped.

This chapter begins by giving a brief overview of incipient slip, further to that presented in

the literature review, followed by a description of the experimental setup. A separate section is

devoted to the design and testing of each of the two sensors before a final ‘online’ test is performed

where incipient slip is detected in real time.

Part of the work presented within this chapter has been accepted in the following peer-

reviewed conference.

• J. W. James, S. J. Redmond & N. F. Lepora. (2020). A Biomimetic Tactile Fingerprint Induces

Incipient Slip. 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems

(IROS), pp 9833-9839.

Contribution statement: J. James conceived of the presented idea, designed the sensor,

developed the method, carried out the experiments, performed the analysis and wrote the

manuscript. S.J. Redmond and N.F. Lepora provided insight into sensor design, assisted

with experimental setup and performed critical revisions of the manuscript.
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6.1 Motivation & Scope

For autonomous robots to operate effectively in the world they must be able to handle objects

safely. When grasping an object, the robot must find the Goldilocks zone between gripping too

tightly and damaging the object, and too loosely and dropping the object; both of which could

result catastrophic damage to the object. The ability of a tactile sensor to detect object slippage

can set a lower bound on the safe gripping force, as once slip is detected the grasp can be tightened

and the object prevented from falling. One key focus of slip-detection research in robotics is to

find when parts of the sensor begin to slip whilst other parts remain in static contact. This

phenomenon of slippage of part, but not all, of the contact surface(s) between the sensor and

object is termed incipient slip [16].

Incipient slip is observed in the skin of the human finger pad. Due to the non-uniform

distribution pressure (and hence local normal forces) across the finger pad, some regions may

slip before others, where the traction (proportional to normal force) is smaller [51, 52]. On the

mechanoreceptor level, this provides significant stimulation of the FA-1 and SA-1 afferents, and

has been observed to trigger an increase in grip force [53], although the exact biomechanical and

neural mechanisms underpinning this response have yet to be definitively identified.

As stated in the introduction, incipient slip is separate to gross slip where the entire surface

slips – as was the subject of Chapters 2 & 4 – and slip prediction where physical parameters are

estimated to establish whether there is a risk of slip. The distinction between these three phases

is especially pertinent to this chapter because that there has, historically, been some confusion

in the scientific literature between incipient slip and slip prediction. Certain studies claim to

present incipient slip but often lack a rigorous validation of its presence.

For example, in a study by Marconi & Melchiorri [251] a 16x16 array of rubber taxels which

detect normal force due to its proportionality to electrical resistance measured across the taxel.

Using Fast-Fourier-Transforms (FFTs) to compare dominant frequencies when the object is at

rest and when slipping they state that “immediately before the first motion of the object the low

frequencies components become dominant in the spectrum” and conclude this is incipient slip

before saying “It is important to point out again that this effect is present before the object starts

to slip...”. From this, it is reasonable to conclude that they are in fact performing slip prediction

or at the very least have performed no direct verification of incipient slip.

This issue persists in more recent studies. Su et al. (2015) observed vibration in BioTac

sensors to predict slip was going to occur 30ms before it was detected by an inertial measurement

unit atop an object [198]. However, again, as this was not directly observing the slippage of part

of the contact area whilst the rest was static this comes under the umbrella of slip prediction.

These examples are included to provide clarity for future research into incipient slip but also to

motivate the work in this chapter by providing a standard for verifying any incipient slip claimed

to be found here.

There are significant barriers that make the elicitation and detection of incipient slip chal-
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lenging. Primarily, when a sensor is deformed by a shear force - as is experienced when holding

an object - the surface must have sufficient elasticity to allow parts of the sensor to slip while

other parts remain stuck, which requires shear deformation between the slipping and stuck parts

of the external sensor surface. Additionally, this must be detectable from the sensor output, in

this case the camera inside the sensor. Detecting incipient slip is useful because corrective action

can be taken before slippage occurs across the entire contact area, hence significantly reducing

the likelihood of the object being dropped. It can also form part of a modular system being slotted

in alongside gross slip and slip prediction resulting in a robust slip detection system.

The aim of this chapter is to develop a sensor which displays incipient slip by mimicking the

biomechanical behaviours of the human finger pad. We modify the existing tactile sensor - the

TacTip which has previously been effective at slip detection, yet does not exhibit incipient slip

behavior. The TacTip has an internal pins structure which is inspired by intermediate ridges

in the human fingertip. In other work, Cramphorn et al. (2017) explored the effect of adding

protrusions to the outer TacTip surface; however, the aim of that work was to enhance spatial

acuity [107] not induce incipient slip. The protrusions also do not resemble a fingerprint so the

focus greatly differs from that of this work.

Here, we extend the TacTip’s biomimicry to include ridges on the external surface to facilitate

the shear deformation required for incipient slip, as occurs on the human finger pad, facilitated

by the fingerprint ridges. This builds upon prior work applying elements of fingerprint mimicry

to the TacTip by targeting a specific phenomenon - incipient slip - and designing the sensor such

that it provides the necessary physical conditions to induce incipient slip.

This chapter works towards the induction and detection of incipient slip in three phases. The

first two phases are different iterations of a novel sensor morphology before the final phase; the

introduction of a method to detect incipient slip and react in real time. This chapter’s work seeks

to answer the final research question: Does mimicking the human fingerprint result in detectable

incipient slip in a tactile sensor?

6.2 Incipient Slip Sensor: Version 1

6.2.1 Sensor Design

The sensor presented in this work is a modification of the TacTip sensor used in Chapter 3.

The key functional requirements for the modification are to introduce a traction differential (i.e.

different normal force in different places) and an ability for shear displacement to apply to the

parts of the sensor (the ridges) that make contact with the object surface, as occurs in the human

finger pad [52] such that some of the contact area slips and some does not. Previously, when an

object slipped across the TacTip, there was no discernible incipient slip [243]; the pins all moved

together in a linear fashion when gross slip occurred. To solve this, we have added five rings of

increasing radius, from a central ring of zero radius (in effect an external pin).
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(a) (b) (c)

(d)

Figure 6.1: (a), (b) & (c) CAD renderings of new sensor showing the concentric ring pattern of the
fingerprint-inspired ridges to facilitate the shear deformation of incipient slip. The ridges extend
2 mm above the surface of the sensor. (d) Cutaway showing how the pins are embedded in the
skin.

In the TacTip, the pins consist of heads of VeroWhitePlus material atop small pillars of

TangoBlackPlus. Here, the pin-heads are extended such that they protrude through the pillars

and into the ridges (Fig 6.1). The pins act as mechanical transducers so any motion of the ridges

results in visible motion of the pins from inside the sensor. As stated in section 6.1 Cramphorn

et al. (2017) utilised this transduction principle to improve the spatial acuity of the sensor by

adding small (0.5mm) protrusions to the surface of the TacTip, however their focus was purely

on perception not slip [107]. Here we modify the TacTip with the express aim of allowing it to

experience and subsequently transduce incipient slip (Table 6.1).

Firstly, we have added raised ridges which mimic the friction ridges in the epidermis of

the human fingertip. Under the Coulomb model of friction, the maximum frictional force is

proportional to the normal force. As stated by Chen et al. (2018) [16], a key requirement for

incipient slip is that "the sensor can deform/slip independently of the rest of the sensor due

to it having appropriate mechanical compliance". In the hemispherical ‘smooth’ TacTip the

neighbouring regions of contact were subject to very similar normal forces. Therefore, the addition
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of raised ridges results in the neighbouring contact areas being spaced apart and subject to notably

different normal forces, aided by the curvature of the TacTip exterior. This significant difference

in normal force - and therefore frictional force - for each ring means that when a shear is applied

the TacTip if one ring has sufficient frictional force to remain static the next ring may not. This

would facilitate this area of the sensor slipping - as the friction is too low - whilst the inner rings

remain static resulting in incipient slip.

Although an precise measure of the smoothness of the previous TacTip was not collected the

Stratasys Connex3 Objet260 with which it was printed has a 30 micron resolution which gives

an estimate of the surface roughness of the sphere [252]. This indicates that the neighbouring

contact regions on the ‘smooth’ TacTip are extremely close and may explain why incipient slip is

not observed.

The structure of the human fingerprint is complex and the width, shape, separation and

pattern of ridges is highly variable from person-to-person and changes as we age due to multiple

factors such as loss of collagen fibres and rete pegs [253]. This means that the mimicry applied

here is centred on there being a pattern of raised ridges on the contact surface of the sensor.

Secondly, we have reduced the thickness of the skin between rings from 1 mm to 0.5 mm,

to facilitate shear deformation of the sensor contact surface. Even though the ridges will lead

to differing normal forces, the rings are still linked by the interstitial skin. The thicker the

skin the higher the coefficient of elasticity, which hinders shear deformation (skin stretch) and

hence diminishes the associated incipient slip phenomenon. It should be noted that the added

ridges will also bend, which further allows parts of the skin to move independently, and therefore

reduces the dependency on the skin stretch for incipient slip to occur.

Finally, as the pins are set in gel, when one pin moves in the TacTip it causes neighbouring

pins to move. One consequence of this is that if a single region of the sensor surface was to move

it would cause many adjacent pins to move due to this mechanical coupling. To minimise this

effect we increase the spacing of the pins such that the projected radius of each ring of pins is 4

mm greater than the ring inside (Fig. 6.2 compares the two designs). Previously the spacing was

3 mm between all adjacent pins laid out in a hexagonal pattern. We also increased the thickness

of the pins to reduce the potential for damage when removing support material after 3D printing.

6.2.2 Data Collection Rig

To collect data and perform a reliable comparison to the previous TacTip design we reuse the data

collection rig from Chapter 3 (Fig. 6.3). Here, we augment the apparatus by adding an external

camera to measure movement of the external surface of the sensor and the acrylic sheet. James

et al. (2018) used various shapes made from ABS plastic; however, this is unsuitable here as

we need to use a transparent object to make reference recordings of movements on the sensor’s

surface. We therefore use a sheet of 10 mm thick transparent acrylic. Additionally, we apply

markers in a cross pattern to the surface of the sensor so that fixed points on the surface can be
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New Sensor (fingerprint) Previous Sensor (smooth)

Figure 6.2: Comparison of incipient slip sensor v1 (left column) and previous TacTip design (right
column). The added ridges distort the otherwise uniform surface to facilitate incipient slip. The
new sensor also has a lower pin density.

easily tracked by the external camera.

Both the external markers and the internal pins are identified and segmented using the

Python OpenCV library function SimpleBlobDetection which provides a list of blob (x, y) coordi-

nates for each frame. To annotate when gross slip occurs, we attach an ArUco optical marker to

the acrylic so its height can be measured by the external camera. When the height of the acrylic

sheet changes significantly, we assert that gross slip is occurring. To collect data the sensor is

pressed against the acrylic, which is then lifted 50 mm. At this point, the cameras start to record

and the arm retracts slowly (moving normal to the acrylic sheet) until the object has completely

fallen. Different retraction speeds between 0.1-0.5 mm.s−1 at 0.1 mm.s−1 intervals are used.
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Modification Benefit

1 Add raised ridges Adjacent contact regions have dif-
fering normal forces to create trac-
tion differential

2 Reduce skin thickness Skin stretchier to facilitate incipi-
ent slip

3 Reduce pin density Decrease coupling of internal pins
to facilitate detection of incipient
slip

Table 6.1: The key modifications to TacTip design to facilitate occurrence and detection of incipient
slip.

6.2.3 Results

6.2.3.1 External View Analysis

Using the slip detection rig from Sec.6.2.2, we performed 20 repeats at each retraction speed and

recorded both the internal and external camera data. Following this, we detected the external

markers and internal pins to determine whether incipient slip was present. Despite applying

markers to the three innermost ridges, as well as the central pin, the third ring loses contact

with the surface before gross slip occurs. Therefore, from here on, we ignored these four markers,

leaving nine markers to be tracked, which were in contact for the duration of each trial.

The external camera video showed a clear presence of incipient slip (Fig. 6.4). The markers

on the second ring displayed the most obvious movement however the marker atop this ring

and the ArUco did not move. This means that parts of the contact surface were slipping when

others were not and, crucially, before the object showed any sign of falling. This incipient slip

pattern becomes clearer when looking at the data after the markers have been tracked. Again,

it is clear that the farthest left and right markers begin to move after ~2.5 s before any others

(Fig. 6.5). The markers inside the two markers on each extreme begin to move next. Throughout

the experiment, the two topmost markers remain static until gross slip occurs and the object falls

after ~6.5 s.

The pattern seen here is broadly in line with predictions made by the Coulomb model of

friction, which states that maximum static frictional force is proportional to the normal force

on the surface. The domed shape means that the greater the radius of the ring, the lower the

normal force, and therefore we would expect the markers further from the centre to slip first.

When considering the line of markers placed horizontally across the middle of the sensor this is

exactly what we see: the markers on the far left and far right slip first, followed by those markers

closer to the centre.

When considering the line of markers placed vertically up the middle of the sensor, the picture

becomes more complicated. The top two markers show almost no motion, whereas the bottom
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Sensor

Transparent
Stimulus

Camera

Figure 6.3: Rig for collecting incipient slip data. Modified TacTip attached to an ABB IRB120
six-axis robotic arm; external camera held in a clamp and the transparent acrylic sheet moving in
a low friction rail. Black tape has been added to identify the transparent stimulus and to reduce
potential effects from strong overhead lighting. The cross pattern of red markers is visible on the
sensor surface and is tracked by the external camera.

two markers show noticeable movement. As the sensor is bearing the weight of the acrylic, this

causes a large shear force to be applied to the sensor, which most likely causes the normal force

distribution across the vertically-aligned markers to become asymmetric.

However, another consideration is the elastic forces between different rings when incipient

slip occurs. For relative movement to happen the interstitial skin between rings needs to stretch

or compress as their distances necessarily change. Given a situation where horizontal markers

begin to slip but the inner ring remains static then, assuming the movement is purely vertical,

the distance between markers is given by

L =
√
∆y2 +L2

0 (6.1)
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(a) Prior to incipient slip (b) Prior to gross slip

Static
Static

Slip

Figure 6.4: External camera view of sensor with markers attached to track fixed points on the
surface. (a) Frame from the start of the data collection. (b) Frame taken close to gross slip
occurring. For reference, the coloured lines are in the same locations in both images. The marker
closest to the white line shows clear movement, however, the marker near the orange line and
the ArUco optical marker do not move. Therefore, we see incipient slip: slip of part but not all of
the contact surface.

where ∆y is vertical slip distance and L0 is ring separation. This gives the change in length as

∆L = L−L0 = L0

√
1+

(
∆y
L0

)2
−1

 (6.2)

which for small values of ∆y can be approximated by Taylor series expansion around ∆y= 0 as

∆L ≈ ∆y2

2L0
. (6.3)

For the vertical markers in their respective rings a vertical slip means that

∆L =∆y (6.4)

and therefore for a given small vertical slip the change in distance between horizontal markers is

smaller than vertical markers. Modelling the interstitial skin as a single spring between markers

and using Hooke’s law we see that less force is required for the horizontal markers to move than

the vertical markers. This is a major simplification of the system but does provide some insight

into the pattern of marker movement.

6.2.3.2 Internal View Analysis

There are two distinct types of sensor surface movement that cause the majority of the pin

movement inside the sensor: translation and pivot. Translation occurs when an external ridge of

the TacTip slips and the pin embedded within also translates in the same direction, but perhaps

not to the same extent. Pivoting occurs when the ring surface remains static on the object but the
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External marker and internal pin positions at different retraction speeds
(a) External: 0.1mms−1
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(b) Internal: 0.1mms−1
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(c) External: 0.2mms−1
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(d) Internal: 0.2mms−1
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(e) External: 0.3mms−1
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(f) Internal: 0.3mms−1
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Figure 6.5: Vertical positions of external markers (left col) and internal pins (right col) when
allowing an object to slip. Subfigure headings indicate camera position and robot arm retraction
speed. Each row is a separate trial. Vertical lines indicate where incipient slip begins (left vertical
line) and when the object begins to fall (right vertical line). The blue line at top of each graph
is position of ArUco marker on the acrylic object. Note that this is not on the same scale as
the y-axis and is included only to provide a ground truth of the time when the object begins to
fall. Inset in middle left of each subfigure shows position of markers/pins at t=0 with colours
corresponding to line plot.
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parts of the skin spanning the ridges moves. As the pins protrude equal distances normal to the

skin internally and externally, the effect of pivoting is quite pronounced. This effect somewhat

confounds our ability to easily observe movement of the external surface of the ridge against the

object (i.e. to detect slip).

Figure 6.6: No incipient slip signal from external

markers attached to smooth TacTip.

To detect incipient slip on the inside we

want to see examples of translational pin

movement; however, it appears that the piv-

oting is the dominant effect resulting in pin

movement. Thus, it is difficult to determine

whether relative translation between pins re-

lates to the occurrence of incipient slip on the

external surface (Fig. 6.5), or whether this

movement is due to pin pivoting. This does

not mean that the effect is not detectable in

the pin movement patterns, but rather that

it is more challenging to extract. Fundamen-

tally, this is a complex pattern recognition

problem which could be approached a num-

ber of way including the use of deep learning applied directly on the tactile images [254]. However,

as we are interested in the design of a sensor where incipient slip can be directly detected from

both internal and external cameras we forgo such analysis here.

6.2.3.3 TacTip Marker Analysis

To confirm that incipient slip is not visible in the previous smooth TacTip design used in previous

work [243], we attached markers in the same pattern on the surface of that smooth TacTip and

performed the same experiment. As expected, the movement of markers does not display the

characteristic incipient slip pattern that is present in the new design (Fig. 6.6). Instead, all

markers remain static until gross slip occurs, when they all move in unison. This bulk motion of

the surface contributed to making that smooth design of TacTip so effective at detecting gross

slip [243].

6.3 Incipient Slip Sensor: Version 2

6.3.1 Sensor Design

The design of the incipient slip sensor version 1 provided one key result; that a concentric ring

pattern on the surface of the sensor does induce incipient slip. However, there were several

limitations which need to be addressed:
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(a) (b) (c)

(d)

Figure 6.7: (a), (b) & (c) CAD renderings of incipient slip sensor v2 showing the updated design.
For (b) & (c) note the same pattern of markers on the internal and external surface. (d) Cutaway
showing how the oscillating pattern is continued above and below the skin and how the white
pins extend throughout the skin. The pins are slightly recessed into the skin to allow for contact
to be made with the rubber-like TangoBlackPlus rather than the smooth VeroWhitePlus.

• Incipient slip signal was not clear from internal pins

• External markers do not mirror positions of internal pins

• Pivoting of internal pins is the dominant motion effect.

To combat these issues a new design of sensor is presented (Fig. 6.7). In this version there

are several key differences. Firstly, the fingerprint is changed to be a circularly symmetric wave

pattern which propagates out from the centre of the sensor. This means that, unlike version 1,

both the internal and external surfaces have an undulating pattern. The wave amplitude is 1mm

meaning there is a 2mm height difference between peak and trough - as before - but there are no

breaks between waves leading to a ring separation of 3mm compared to 4mm for version 1.

Second, the internal pins extend all the way through the skin making them visible from the

internal and external camera. This should result in any incipient slip movement on the external

surface being reflected in the internal camera image, which is the main goal of this chapter.

Additionally, this means that we can easily map from external to internal tracking to help identify
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Figure 6.8: Skin histology showing a Meissner’s corpuscle within a dermal papilla in the dermis
of the human fingertip [255]. The pins at the base of the internal ridges in sensor v2 are therefore
analogous to the Meissner’s corpuscles.

incipient slip from the inside. As the sensor is 3D-printed as a single unit the pins are printed

in-situ meaning they are robustly contained within the skin which should not affect structural

integrity.

The pins sit on the trough of the wave on the inside and consequently sit on the peak of

the wave on the external surface so that they are close to any object being contacted. The pins

remain slightly recessed from the external surface to ensure that objects are in contact with

the rubber-like TangoBlackPlus which provides higher friction than the VeroWhitePlus pins. A

further consequence is that the pins are shorter (1mm) than for version 1 (2mm) which should

lead to less pivoting. By having the pins in the trough - as viewed from the internal camera - the

pins can be seen as loosely analogous to the Meissner’s corpuscle in the human fingertip skin

(Fig. 6.8). Although the analogy only extends to location of the pins. The Meissner’s corpuscles sit

within the dermal papillae in the dermis of the human fingertip [255] and are sensitive to local

shear [221] whereas the camera in the TacTip calculates the global displacement of the pins.

As before, we utilise the slip data collection rig and track internal and external pins when

holding a transparent acrylic object which is allowed to slip.

6.3.2 Results

As before, a flat clear object is held in a low friction rail and the robot arm is retracted at various

speeds to allow the object to slip. Figure 6.9 shows the result of tracking all the pins on the

internal and external surface and Figure 6.10 shows the same data but focuses on a 0.5s section

centred on the spike. Two features of interest are evident from these figures. Firstly, the internal
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External marker and internal pin positions when using the incipient slip sensor version 2
(a) External Camera
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Figure 6.9: Pin positions in two trials with identical conditions when an acrylic object is allowed
to slip after being held by the incipient slip sensor. Subfigure headings indicate camera location
and robot arm retraction speed. (a) & (c) show the external markers and (b) & (d) the internal
pins. The vertical line indicates where when the object begins to fall. The blue line at top of
each graph is position of ArUco marker on the acrylic object. The spike which occurs before
the object slips indicates incipient slip has occurred. In different experiments the incipient slip
signal occurs at different times prior object slippage.

External marker and internal pin positions over a short period showing incipient slip
(a) External Camera
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(b) Internal Camera
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Figure 6.10: Pin positions from (a) the external camera and (b) the internal camera. When
looking at a 0.5s section of Figure 6.9 the independent movement - and thus incipient slip - of
pins in different rings is clear in both the internal and external plots. From the pin labels (inset
top left) the outer pins (red) move before the central pins (blue) consistent with predictions made
by the Coulomb friction model.
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External marker and internal pin positions showing incipient slip significantly before object slip
(a) External Camera
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Figure 6.11: Pin positions when an acrylic object is allowed to slip after being held by the incipient
slip sensor. (a) show the external markers and (b) the internal pins. The vertical line indicates
where when the object begins to fall. The blue line at top of each graph is position of ArUco
marker on the acrylic object. The spike which occurs before the object slips shows certain pins
move before others thus indicating incipient slip has occurred. In this example incipient slip
occurs several seconds prior to object slip.

and external views look very similar with a long flat section preceding a clear movement in pin

positions. This is beneficial as the discrepancy in signal between internal and external views

present in the previous sensor has been eliminated which should make any incipient slip signal

easier to identify from the internal camera.

Secondly, when we zoom in on the spike present in the above data (Fig. 6.10) we can see a

independent movement of pins in different rings in both the external and internal cameras. This

is a clear benefit of the new design over the old. We can see that the outer pins (red) move before

the central pins (blue). Once all pins are moving, by definition, the incipient slip phase ends and

we move into the gross slip regime.

At around 4s (Fig. 6.9) when the pins begin to move there is a spike with a width of approxi-

mately 0.5s which occurs almost immediately prior to gross slip. However, in other trials (Fig.

6.11) we see this occurs several seconds before object slip. There is the same width of the spike

which implies that there is an incipient slip followed by a gross slip and then a sizeable gap before

the object slips. It is possible that the slip of one ring causes a knock-on effect for subsequent

rings causing a small gross slip independent of when the object falls or this could be a single

stick-slip event.

For further analysis we can restrict our view to only the pins placed horizontally and vertically

relative to the central pin (Fig. 6.12). Again we can see relative movement of pins across various

retraction speeds and pins on the East or West slipping first, followed by the Southern pins and

finally the pin in the North. This is consistent with the analysis in Section 6.2.3.1 and the results

from the previous sensor. The primary advantage here is that it is visible from the internal
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External marker and internal pin positions at different retraction speeds
(a) External Camera. Retraction Speed: 0.1mms−1
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(b) Internal Camera. Retraction Speed: 0.1mms−1
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(c) External Camera. Retraction Speed: 0.2mms−1
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(d) Internal Camera. Retraction Speed: 0.2mms−1

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

2

4

6

8

10

12

Time (s)

Po
si

ti
on

(p
x)

(e) External Camera. Retraction Speed: 0.3mms−1
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(f) Internal Camera. Retraction Speed: 0.3mms−1
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Figure 6.12: Vertical positions of external markers (left col) and internal pins (right col) when
allowing an object to slip. Inset in middle left of each subfigure shows position of markers/pins at
t=0 with colours corresponding to line plot. In all experiments at different retraction speeds we
see the same pattern of pin movement from the internal and external cameras.
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camera.

Given that incipient slip is visible from the internal view the next question that must be

addressed is can a simple method be used to detect this incipient slip in real time? This is the

focus of the next section.

6.4 Real Time Incipient Slip Detection

6.4.1 Experimental Methods

To help determine the usefulness of the second design of incipient slip sensor a short experiment

will be conducted to determine whether incipient slip can be detected in real time. The first

task is to devise a method of determining which pins are slipping and which are static thereby

detecting incipient slip.

Essentially, we want to detect relative movement between some pins and others. This is not

as simple as putting a threshold on the speed of pins as there can be a bulk motion of all pins

which isn’t indicative of slip. Instead, we wish to subtract the bulk velocity of pins from each pin

and see if any pins remain with significant movement.

If we consider each pin as belonging either to the set of pins which are undergoing incipient

slip I or to the set of static pins I{. As these are the only two possible sets the static set is the

complement as pins cannot belong to both. Therefore we have

I ∩ I{ =; (6.5)

I ∪ I{ =U (6.6)

where ;= {} is the empty set and U= {1,2, ..., N} is the Universal set containing all N pins.

The output from the sensor is a list of pixel (x, y) coordinates of each pin which are sorted to

ensure that the ordering of pins in each frame is identical. From this we can define

X (t)= [
x1,t, x2,t, ..., xN,t

]
(6.7)

Y (t)= [
y1,t, y2,t, ..., yN,t

]
(6.8)

for the list of x and y positions of pin i at frame t. We can get the frame-to-frame change in

position - which is proportional to the velocity - by taking the element-wise subtraction of position

at frame t−1 from frame t

Ẋ (t)= X (t)− X (t−1) (6.9)

Ẏ (t)=Y (t)−Y (t−1). (6.10)

We can then obtain the frame-to-frame displacement of each pin by taking the element-wise

Euclidean norm of each pin velocity

D(t)=
√

Ẋ2(t)+ Ẏ 2(t) . (6.11)
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As the pin detection is subject to some noise it is useful to apply a simple moving average

filter on D with a window size W giving

D̄SM(t)= 1
W

W−1∑
i=0

D(t− i).= [
d0,t,d1,t, ...,dN,t

]
(6.12)

The average speed of the static pins is given by

s(t)= 1∣∣∣I{∣∣∣
∑

p∈I{
dp,t (6.13)

where |I{| is the cardinality of the set of static pins and dp,t is the frame-to-frame displacement

of static pin p at frame t. s(t) can be considered to be the bulk motion of the pins. Finally, we

need to subtract this value from each pin

DIS(t)= D(t)− s(t) (6.14)

and if any are above a predefined threshold, sthr they are judged to be undergoing incipient slip

and are moved from set I{ to the set of incipient pins I.

A decision on where incipient slip is judged to be occurring can then be made depending on

the cardinality of I - the number of individual pins above the threshold of independent movement.

This gives three variables which need to be chosen; the moving average window size, W; the

incipient slip speed threshold sthr and the threshold on the number of slipping pins, I thr. These

values will be selected by observing the previously collected data at various retraction speeds.

To test whether the above method for detection incipient slip works in real time a modified

version of the experiment for data collection is used. The stimulus is once again held but the robot

arm is retracted in small increments of 0.2mm and throughout the movement the internal pins

are recorded. If, at any point, the number of pins slipping |I| ≥ I thr then incipient slip has been

detected and the experiment is stopped. The reason for the small increments is that the ABB

IRB120 controller cannot perform real-time control and moves sent to the controller cannot be

interrupted. Instead, a small move is made and a check for incipient slip is made after each one.

0.2mm allows for both a significant change in position and a large enough sequence of frames to

be collected.

6.4.2 Results

The purpose of this section is to demonstrate the effectiveness of the incipient slip detection

method presented in Section 6.4. The principle of the method is that the bulk motion of the pins

is subtracted from all pins which should result in any pins undergoing incipient slip, which will

have a significant velocity independent of the bulk motion, being easily identifiable. A threshold

is put on this independent motion to decide when a pin is judged to be independently slipping. To

reduce the effects of noise a simple moving average window is applied to the pin displacements.
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Differences in incipient slip visibility for different moving average window sizes
(a) Window size W = 5
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(b) Window size W = 1
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Figure 6.13: The effect of moving average Window size, W , on signal-to-noise ratio of pin speeds
in the run up to incipient slip. The vertical blue line indicates the start of incipient slip.

Finally, to reduce false positives a threshold is put on the number of pins slipping before an

action is taken. Therefore, prior to performing an experiment where incipient slip is detected in

real-time we must determine values for the moving average window size, W; the incipient slip

speed threshold sthr and the threshold on the number of slipping pins, I thr using the slipping

data previously collected.

Choosing the moving average window size is difficult as it requires a tradeoff between

reducing noise and minimising detection delay. A larger window smooths the data but requires

more frames and therefore more time when operating online. A window size of W = 5 was chosen

as it was shown to significantly reduce noise and giving a more noticeable peak associated with

incipient slip (Fig. 6.13). This figure is showing the data as a result of applying equation 6.14 and

prior to incipient slip we expect no independent movement of pins meaning that the signal is

dominated by noise. When incipient slip occurs we expect certain pins to deviate from this flat

line in a noticeable spike. With a window size of 1 the peak of pins there is a consistent noise with

an amplitude of ~0.5 pixels per frame and a spike with an amplitude of ~1.0; an approximate

signal-to-noise ratio (SNR) of 2. At W = 5 these values are approximately 0.1 and 0.4 respectively

giving an SNR of 4 (Fig. 6.13).

As the window size affects the strength of the incipient slip signal the threshold for individual

pin movement, sthr, is dependent on W. A preliminary examination of the data concluded that

values of sthr = 0.2 and I thr = 4 provided reliable detection of incipient slip. Values close to these

resulted in similar detection performance and far outside resulted in no detection at all or high

levels of false positives. A rigorous optimisation with a larger dataset would likely yield better

results but as this is a preliminary investigation into the working principle of the sensor design

we are interested to see if incipient slip is detectable online.

When detecting slip in real time the external camera view is recorded but the internal pins are
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detected directly from the internal camera stream. This allows for real-time detection of incipient

slip by applying the operations given by equation 6.14. Twenty trials were undertaken with

retraction speed being randomly selected between 0.1-0.5mms−1. A trial is considered successful

if incipient slip is seen to visually occur (by inspecting the external surface) and the object does

not fall. In 17 of the 20 trials incipient slip was detected and the retraction of the robot arm

halted prior to the object falling.

Once the trial has been halted the external camera feed can be examined to verify that there

was movement of the sensor surface but the object did not fall. Figure 6.14 shows two examples

of successful detection. In the highlighted trials a small but clear movement of certain pins

occurs whereas there is no significant movement of the object or certain areas of the sensor. This

demonstrates that it was indeed incipient slip that was being detected prior to gross slip and

even more importantly, object slip.

6.5 Tactile Perception Task: Edge Detection

6.5.1 Experiment Description

As discussed in Chapter 4 it is important that any changes made to the sensor for the elicitation

and detection of a specific phenomenon should, ideally, not be a significant detriment to other

tactile tasks performed. In the case of the reduced sized TacTip for use on the Tactile Model O

(T-MO) it was shown in Chapter 4 to have comparable performance on a task where the radial

position and angle of the sensor relative to the edge of a 12cm diameter circular disk was detected

using a CNN.

Here, as a small extension, the same task is performed to determine whether the incipient

slip TacTip presented retains the strong performance of the smooth TacTip at edge perception

tasks. As before, the TacTip was placed with the central pin on the edge of the circle and the

major axis of the camera aligned tangential to the edge (Fig. 6.15). For each tap radial position

and angle relative the the edge were varied randomly. Radial positions were sampled from [-6,9]

mm (where negative distances indicate the sensor being closer to the centre of the disc) and

angles from [-45,45] degrees. The sensor begins each tap ~1.5mm above the surface and a 5mm

tap is made from which seven frames are selected. The architecture of the CNN is the same (Fig.

4.11) and the input is a (128,128) pixel image which has been downsampled from (640,480). 1000

taps are collected for training the CNN split in a ratio of 80:20 for training and validation. A

further 500 taps are collected for evaluating the trained network.

6.5.2 Results

To be able to determine the radial position and angle relative to a circular disk a convolutional

neural network was trained using the same procedure described by Lepora et al. (2019) [106] and

Chapter 4 Section 4.4.2. The CNN is a regressor with two outputs: the radial position relative to
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Incipient slip demonstrated in real time testing
(a) Retract = 0.13mms−1: Pre-slip (b) Retract = 0.13mms−1: Incipient Slip Visible

Slip

Static

Static

(c) Retract = 0.41mms−1: Pre-slip (d) Retract = 0.41mms−1: Incipient Slip Visible

Slip

Static

Static

Figure 6.14: Incipient slip occurring in real time testing. Left column shows two different trials
pre-slip. The right column, shows after the experiment has concluded. In both trials a small but
clear incipient slip of certain pins is seen (white line) whilst the central pin (orange) and object
(red) remain still. In both of these trials this was detected and the arm halted prior to the object
falling.

the edge and the angle relative to the edge. When testing on 500 taps randomly sampled in the

same angle and radius range as the training data the incipient slip sensor was able to resolve

radius and angle with mean absolute errors of ~0.3mm and ~2 degrees. This is the same as the

smooth TacTip as reported by Lepora et al. (2019) [106].

The similarity in numbers is encouraging as it indicates that the design changes for the

incipient slip TacTip does not appear to have hampered the ability to perceive edges. It is not

immediately obvious that the new design should perform similarly as the structure of the pins
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(a) (b)

Figure 6.15: Incipient Slip TacTip sensor attached to ABB IRB120 6 DoF robot arm tapping a
circular object. A CNN is used to determine the radial position and angle of the sensor relative to
the edge.

has significantly changed. Whilst the pins in the smooth TacTip sit on pillars - similarly to the

Merkel cells on the intermediate ridges in the fingertip - here, the pins sit in troughs in the ridges

- much like the Meissner’s Corpuscles in the human fingertip.

As mentioned in Chapter 4 it is important to note that in Lepora et al. [106] this was tested

on a larger test dataset of 2000 taps making it a more reliable test set. Additionally, as this was

only a single test we cannot make wider predictions about performance in other tasks. A fair

conclusion is that the new design does not appear to have lost the TacTip’s strong tactile acuity

and the incipient slip sensor design could be used as part of a multi-faceted modular system

including incipient slip detection, edge perception, object classification and tactile servo control.

6.6 Discussion & Limitations

I will now discuss several more specific aspects of the work individually with regards to the

results presented in this chapter and potential future investigations.

Presence of Incipient Slip: By recording the independent movement of both the internal

and external pins it has been shown, without doubt, that a fingerprint inspired TacTip skin

does facilitate incipient slip. In the second design this incipient slip was shown to occur at

least 0.5s prior to object slip - and often much longer. This is larger than the slip prediction
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windows of 30 ms achieved by Su et al. (2015) [198] and 20 ms reported by Veiga et al. [197].

However, here we are using only a single object, so further work is needed for a fair comparison.

Having a larger time window for incipient slip onset provides more time - when manipulating

an object, for example - to make a decision about whether to grasp tighter or cease movement

completely. Additionally, it may not be necessary to react immediately upon incipient slip onset

so an interesting study would be to use incipient slip to provide a metric of proximity to gross slip

onset.

Friction Estimation: Having the ability to detect physical parameters of the contact be-

tween sensor and object could prevent the onset of incipient slip altogether. Having knowledge of

the coefficient of friction and the forces applied can be used to determine the stability of contact

with an object [207]. A controller can be coupled with this friction estimation to ensure the forces

on the grasp remain within a specified margin of safety and reduce the risk of any slip at all.

A potential downside of this approach is that estimating coefficients of friction without prior

knowledge of an object is difficult [16] but the ability to have some measure of grasp stability

without any surface movement would be highly useful and having an ensemble of methods

including friction estimation and slip detection would be the best way to maximise grasp stability.

Ridge Morphology: The two sensor designs presented here had the same ridge height

however the latter design had each concentric ring much closer together. This was done in an

attempt to closer mimic the friction ridges of the human fingertip and provide a more dense

contact area. However, the increased interstitial skin and reduced thickness of that skin in the

initial design may be responsible for the lengthier incipient slip signal which in some cases

occurred for several seconds. Investigation of the relationship between ridge morphology and

distribution will be the subject of future research.

Another potential trade-off is between incipient slip signal and gross slip signal. Whilst the

first sensor showed a more noticeable external slip signal there was little sign of gross slip (Fig.

6.5) whereas for the second iteration there was a large gross slip spike shortly after incipient slip

(Fig. 6.12). Having both incipient slip and gross slip signals strongly present is advantageous

because it allows for a modular system which can reliably detect both phenomena for added

redundancy. Also, it cannot be guaranteed that incipient slip will always be noticeably present.

The effect the ridge morphology and interstitial skin plays in facilitating gross slip will be an

important investigation.

For this study the number of pins in the TacTip was reduced from the 127 present in the

previous design (Chapter 3). Reducing the number of pins reduces the information density coming

from the tactile sensor and therefore may affect the sensor’s acuity - although the edge perception

task did not suggest a significant loss of acuity here. Including more pins in each ring increases

the number of fiducial markers which provide us with the incipient slip signal giving denser

coverage of the sensor surface. We are tracking more areas of the sensor - any one of which may

slip first - and therefore increase the chance of detecting the initial onset of incipient slip thereby
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improving performance. An optimisation of pin density in the design was not performed here but

should be considered in future to allow for early detection of incipient slip.

Incipient Slip Detection Method: The presented method was a simple method of extract-

ing independent pin movement which can account for bulk motion of all the pins. Whilst it was

successful at detecting incipient slip in real time and preventing the object falling in 17/20 trials

there wasn’t a rigorous optimisation or investigation of other potential methods. The purpose

of this chapter is to demonstrate that a biomimetic fingerprint structure facilitates incipient

slip and the real time detection study was intended to show that the incipient slip is detectable.

Further investigation of detection methods would be undertaken in tandem with improved sensor

design in future.

Part of the difficulty of developing an incipient slip detection method is in getting a ground

truth for the precise frame where an individual pin is adjudged to be slipping. Whilst it is clear

that pins are moving independently (Fig. 6.12) having a ground truth value for incipient slip

on a pin-by-pin basis would allow for better offline testing of a future incipient slip detection

method. Additionally, using this data one could display the ratio of stuck to slipping pins which

would provide useful information about the timescale over which incipient slip occurs. At the

current stage of sensor development a ground truth value would be subject to an error of up to a

few frames so this remains a focus of future endeavours. Nevertheless, the primary focus of this

chapter where incipient slip is directly verified is a significant result.

Another consideration that must be explored in future is the potential for confusion between

slip and the movement of the compliant sensor surface or compliant objects. As the compression

of a compliant surface will move the pins it is possible that this movement could be confused for

slip. When training a future classifier for incipient slip detection it will be necessary to provide

samples which represent pin movement from deformation of the sensor but do not relate to slip.

However, it should be noted that in Chapter 5 slip was detectable when grasping compliant

objects and overall performance using the TacTip has been strong. Regardless, this remains an

important consideration which may improve performance.

Materials: In this work incipient slip has only been shown to be present on a single stimulus

which moves in a low friction rail system. This is clearly not representative of the real world

where a diversity of object shapes, weights and textures exists. The use of the clear stimulus

only was to provide a ground truth of the presence of slip rather than relying on asserting that

incipient slip occurs. A study of how well the sensor performs in a variety of different scenarios

will be conducted with further enhancements to the sensor design.

6.7 Concluding Remarks

In this chapter, two iterations of a biomimetic tactile sensor have been presented which can

facilitate and detect incipient slip, as confirmed by recording the movement of markers on the
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external surface of the sensor. This is significant as we conclusively show the presence of incipient

slip whereas many prior studies assert its existence from data [198, 256, 197]. Several changes

to the TacTip design were made based on the physical conditions which facilitate incipient slip.

The most significant change involved the addition of ridges - structurally analogous to human

the fingerprint - in a concentric ring pattern which allowed for localised shear deformation to

occur on the sensor surface for a significant duration prior to the onset of gross slip.

The first version of the sensor showed a clear signal on the external surface but lacked the

same clarity from the internal view. To address this the ridged structure was changed to be

continuous on both the internal and external surfaces and pins were added to the ‘troughs’ inside

the sensor and extended all the way through the skin. This meant that the internal and external

cameras would be recording the same markers which would suffer less from the levering effect

which had previously drowned out the incipient slip signal.

If the skin of the TacTip is considered to be analogous to the epidermis of human skin and

the gel analogous to the dermis then the ridged structure mimics the ridges of glabrous skin

which, on the external surface, results in the fingerprint and on the internal surface results in

the intermediate ridges and dermal papillae where the epidermis intersects with the dermis.

The pins, in this analogy, work as Meissner’s corpuscles sitting at the base of the intermediate

ridges, although as previously stated the operating principle is different.. This demonstrates

the strong biomimetic origin for the design choices in the new TacTip and may explain the clear

incipient slip signal present in both the TacTip’s internal and external view as well as in the

human fingertip [52].

To summarise, in this chapter it has been shown that a biomimetic fingerprint on the rubber-

like surface of an optical tactile sensor can reliably facilitate incipient slip. This is of direct

practical utility to robotic hand research on dexterous manipulation of a grasped objects, as

when used as part of a modular grasp stability system it would greatly reduces the chance of

manipulated objects being dropped. This means that the final research question in this thesis,

does mimicking the human fingerprint result in detectable incipient slip in a tactile sensor, has

been affirmatively answered and the work in this chapter provides a clear direction for future

research in the field of incipient slip.

In the subsequent, final, chapter I will summarise the work in this thesis and possible future

avenues for exploration which it has facilitated.
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7
DISCUSSION AND FUTURE WORK

In this thesis, several developments in the field of slip detection research have been presented.

This final chapter summarises these contributions and indicates further areas of study

which could be investigated in the future.

7.1 Discussion and Limitations

Since its conception by Chorley et al. (2009) [2] the fundamental design principle of the sensor

has remained unaltered - a camera focuses on a soft silicone mound with a rubber-like skin and

information about the contact is inferred from the images. The major change in recent years has

been the move to 3D-printing technology [3], exploring different software methods [106, 257, 105]

and developing different sensor morphologies for integration onto robot hands [173].

This thesis has made contributions to several areas of slip detection and wider robotic research

including robotic hand development, tactile skin morphologies, slip detection using robotic hands

and incipient slip detection. I will discuss these contributions and their limitations below:

7.1.1 TacTip Camera Upgrade

The first change made to the TacTip was to upgrade the camera system from a 30FPS Microsoft

LifeCam to an ELP camera capable of recording up to 120FPS. The higher frame rate system

not only allows for faster reaction times, as the time between frames is smaller, but the camera

has the capability to be operated at a choice of resolutions and frame rates. Higher resolution at

lower frame rate may be desirable in certain circumstances such as when high acuity is necessary.

Whereas higher frame rate is more useful in others, such as when detecting slip. The new system

is also much easier to install requiring only four screws to be mounted on pillars in the base of
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the TacTip [243]. The previous 3d-printed system required a disassembly to reduce the length

of the sensor. The new camera continues to be used as the primary system by the entire Tactile

Robotics research group.

Higher frame rate camera modules do exist but their cost can easily run into the thousands

of pounds and they can be very large. This contravenes one of the primary design ideals of the

TacTip which is to remain low cost. There is also the question of how much more useful higher

frame rates would be. Even if you are able to record at many hundreds of frames-per-second it

is not assured that this data stream would be usable in real time for decision making related

to grasping. In experiments performed in this thesis with the new camera system 100 Hz has

been the maximal frame rate achievable. This is still a significant improvement on the 30FPS

used previously and is likely to be improved with more streamlined software and more efficient

camera data encoders.

7.1.2 Gross Slip Detection

The first contribution of this thesis was the development of a simple method to reliably detect

and respond to the onset of gross slip. This is beneficial as it gives a robot the ability to take

a corrective action when slip occurs and prevent potentially catastrophic damage to an object

hitting the floor. In Chapter 3 a support vector machine (SVM) was used to detect slip on a variety

of curved objects which were allowed to fall in a low friction rail with a slipping distance of as

little as 14.3mm [243].

An extension to this experiment was to test slip detection on several natural objects. More

geometrically simple objects such as a water bottle were regrasped with 90% but a plastic banana

was only stopped 30% of the time [258]. The lack of success in this case was due to the irregular

shape; slip was detected but the response just pushed the banana off to the side. Each object used

was novel to the classifier which shows it does not appear to be restricted to certain geometries.

These experiments were conducted under similar conditions and obtained comparable results to

Veiga et al. [197] who also performed regrasping with a single BioTac sensor sampling at 100 Hz.

The choice of classification method may be seen by some as ‘behind the curve’ compared to

popular modern methods such as CNNs [13] or LSTMs [206]. However neither method has been

shown to significantly outperform SVMs and that is without considering some of the advantages

of SVMs. First is training time and dataset size, SVMs do not require large datasets to obtain

good performance and can be optimized in only a few minutes. When performing physical tasks

collecting large datasets becomes incredibly time-intensive so having a method which performs

well on a task after only a few samples is beneficial when using a sensor which goes through

many design iterations. Another advantage is the memory requirements to run the model. Unlike

deep neural networks which may contain billions of parameters SVMs can be on the order of

single megabytes which could be utilised by small computers and microcontrollers without the

need for expensive GPUs. These features also make classification time very short. Classification
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was clocked at 3 milliseconds in Chapter 3 which is significantly smaller than the time between

frames - 10ms at 100Hz.

A limitation of this work is the limited number of testing scenarios. The only considered

situation was where an object slips due to gravity. As the SVM learned from the distribution

of pin velocities it may be susceptible to false positives when lifting an object and the sensor

surface is stretching under a load. Additionally, having a single sensor moving with a single

degree of freedom means that the ability to regrasp objects is limited. However, the fact that

slip was reliably detected across all objects provides the contribution of Chapter 3. This Chapter

also showed that the design and operating principle of the TacTip made further research into

slip detection with the TacTip on a more suitable platform - in this case a robotic hand - highly

justified.

7.1.3 Tactile Robot Hands

In Chapter 4 the development of the Tactile Model O (T-MO), a three-fingered tactile hand that

comprises a GRAB Lab Model O modified to include three TacTip optical tactile sensors in its

fingertips, was presented. Small cameras mounted above the 3D-printed fingertips meant that

the T-MO retained the TacTip’s sensing modality and JeVois vision system modules integrated

into the ‘palm’ performed the image processing. The system is dual-modal, pins in the sensors

can be detected onboard the hand or a video stream captured and sent directly to a control PC.

Grasping capability was evaluated using the Gripper Assessment Benchmark and Extended

Gripper Assessment Benchmark using the YCB object set [176]. Whilst there was a modest drop

in performance compared to the Model O, the Tactile Model O outperformed the iCub and Model

T hands highlighting that the addition of tactile sensing did not affect the T-MO’s validity as

a grasping platform. The primary reason for the loss of grasping performance is the thickness

of the fingertip caused by mounting the camera above the sensor surface. The camera needs

to be away from the surface so that the field-of-view contains the contact surface. This means

that there is no ‘fingernail’ on the sensor so smaller objects could not be grasped by sliding the

fingernail underneath to establish a grasp.

Further work using the T-MO indicated that it had very strong performance at real time slip

detection and object regrasping. This meant that in situations where an object was being held

and the grasp transitioned from stable to unstable the T-MO was able to detect this and perform

an action to recover the stable grasp before the object was dropped. Whilst this was tested on

multiple objects, several of which were novel, the grasping mode was always an antipodal pinch

and the objects used were large. This was done for two reasons: first, as previously discussed, the

T-MO was unable to grasp small objects so the testing was focused on objects the T-MO could

comfortably pick up. Secondly, the antipodal pinch was necessary as the sensors are only at the

fingertips and that grasping mode therefore maximises sensor contact.

Another success of the T-MO was the ability to apply slip detection to two grasping scenarios
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using the same classifier. These scenarios involved grasping an object of unknown weight, first

time, without excessive force and being able to react when the weight of an object was changed.

Some studies such as Dong et al. [15] use multiple attempts at grasping an object until the

desired grasping location and force are determined. Whilst the object set for this task was limited

to two objects this shows that slip detection has potential to be used as a metric to not only

evaluate the stability of an established grasp but also determine a grasp in the process of being

established is sufficiently strong.

Examination of the slip data did not indicate the presence of incipient slip which, given other

work on incipient slip in this thesis, can be seen as a limitation. However, the smooth sensor

surface indicates that the lack of incipient slip is unsurprising and further work combining the

benefits of slip detection on the T-MO with knowledge gained from incipient slip detection on the

hemispherical TacTip is required. Ultimately, using gross slip detection, the T-MO demonstrated

strong performance at grasping objects, preventing novel objects from being dropped and was

useful in real-world grasping scenarios without the need for task-specific classifier training.

7.1.4 Incipient Slip Detection

Following on from gross slip detection the logical next step was the investigation of incipient slip.

In Chapter 6, two sensors were presented with a biomimetic fingerprint design which showed a

clear incipient slip signal. The principal requirement when it comes to the observation of incipient

slip is that independent movement of parts of the sensor surface must be directly observed. Here,

this was ensured by extending the internal pins through the skin of the TacTip such that they

were visible on the external surface. By testing slip on a transparent object these external

markers were tracked and independent movement was confirmed. As discussed in Section 6.1

the confirmation of incipient slip rather than its inference is an issue that persists in studies

addressing incipient slip.

Recording both the internal and external markers also allowed for the calculation of a time

window, prior to gross slip and object slip, during which incipient slip occurs. Here, incipient slip

was shown to occur at least 0.5s prior to object slip - and often much longer. This is an order of

magnitude larger than the slip prediction windows of 30 ms achieved by Su et al. (2015) [198]

and 20 ms reported by Veiga et al. [197]. However, here we are using only a single object, so

further work is needed for a fair comparison.

The two incipient slip sensor designs presented here had small differences in their surface

morphology which may have contributed to the differing incipient slip signals. Both had concentric

rings of ridges on the external surface with same ridge height however the latter design had each

concentric ring much closer together. This was done to mimic human fingertip friction ridges

which have little spacing between them and to provide a more dense sensing area. However,

the increased interstitial skin and reduced thickness of said skin in the initial design may have

contributed to the lengthier incipient slip window; due to outer rings being in a region of lower
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normal force. This will be a focus of future research because, as stated, the primary requirement

for detecting incipient slip is that the signal is visible on both internal and external surface. Only

the second design demonstrated this making it clearly superior.

Another related point to consider is the trade-off between incipient slip signal and gross slip

signal. For a given sensor deformation there is only so much the pins can move before returning

to their at rest positions. Therefore, it makes sense that a larger incipient slip signal would result

in a smaller gross slip signal. The first incipient slip sensor presented showed a very strong

incipient slip signal but there was little sign of gross slip (Fig. 6.5). Compare this to the tests done

with the smooth sensor in Chapter 3 (Fig. 3.7) where the large gross slip signal was what made

the sensor so effective at detecting gross slip. The second iteration showed a large gross slip spike

shortly after incipient slip (Fig. 6.12). Having both incipient slip and gross slip signals strongly

present is advantageous because it allows for a modular system which can reliably detect both

phenomena for added redundancy.

Given the TacTip’s history as an effective sensor for tactile perception and control it is

important to determine whether significantly altering the surface design would affect its other

strengths. I demonstrated in Chapter 6 that on an edge perception task following the same data

collection and inference procedure as described in Lepora et al. (2019) [106] there was no drop

in performance. Whilst this result does not allow for any quantitative discussion of relative

performance in perception and control tasks between the two designs, it is fair to conclude that

the addition of a fingerprint structure for incipient slip facilitation has not come at the cost of

dramatically altered perception capability.

7.2 Future Work

Incipient Slip Sensor Design: The two incipient slip sensors presented in Chapter 6 both

showed a clear incipient slip signal. Whilst, ultimately, the second sensor was judged to be more

effective as the signal was clear from both cameras, the first sensor showed incipient slip over a

longer timescale. There were two primary differences in the sensor design: ring spacing and ridge

cross-sectional shape. Increasing the time window during which incipient slip occurs provides

more time to change a grasp to prevent failure, giving a large operational benefit. Future work

on design will investigate the effect of altering these factors to determine the effect on incipient

slip facilitation.

Incipient slip detection method: In Chapter 6 a simple method of extracting independent

pin movement was used to detect incipient slip in real-time. The method accounted for bulk

motion of all the pins and identified which pins were moving independently. Whilst it was

successful at detecting incipient slip in real time and preventing the object falling in 17/20 trials

there wasn’t a rigorous optimisation or investigation of other potential methods. There are many

methods currently used to detect incipient slip [16] and future work performing an analysis of
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potential methods would be beneficial for the continued development of incipient slip sensors.

Incipient Slip on Tactile Robot Hands: A logical progression of the work in this thesis

would be to combine the results of Chapters 4 and 6 and develop an incipient slip sensor for a

multi-fingered tactile hand. This would allow for incipient slip to be tested in real world grasping

scenarios with a wide variety of objects. A limitation of the incipient slip work here was that

it was tested using a transparent object for verification purposes. Furthermore, it would be of

interest to investigate incipient slip correction strategies as was done with gross slip in Chapter

5 with a focus on when it is necessary to respond to incipient slip onset. Immediate response

to incipient slip may be unnecessary during a grasping task if there is, in fact, no immediate

danger of total grasp failure. Instead, the calculation of a metric which determines how close to

failure a grasp is would prevent unnecessary grasp planning and allow for the adoption of a risk

mitigation policy on a case-by-case basis depending on need.

Tactile Model O Modification: To further increase the utility of the T-MO decreasing the

height profile of the distal phalanges and the addition of a fingernail should be investigated. This

could be addressed by testing smaller cameras or mirror arrays [129]. These changes should

allow for the grasping of small objects as was possible for the GRABLab Model O [159].

7.3 Conclusion

The ultimate goal of this thesis has been to demonstrate the usefulness of slip detection to tactile

robotics with a focus on gross and incipient slip detection. The other significant message this

thesis sought to present was the benefit of low-cost optical tactile sensing. These aims were

broken down in the Introduction into five research questions which will be concluded individually.

The first question raised in the Introduction was: can a simple method be used with the TacTip

biomimetic optical tactile sensor to detect slip and prevent total loss of contact with an object? It

was demonstrated that the TacTip exhibits a strong gross slip signal, an SVM can reliably detect

it and a basic response can prevent droppage [243, 258].

Secondly, it was posed: does the addition of tactile sensing to a robotic manipulator enhance

effectiveness of the system? Through the development and presentation of the T-MO strong

performance was demonstrated at grasping and tactile object recognition [239] as well as being

highly effective at slip detection [259].

The purpose of creating the T-MO was to answer our third question: can a low-cost multi-

fingered manipulator be used to reliably detect slip? Using several object to train a support vector

machine and then test on both the known objects and novel objects the T-MO was shown to detect

slip in real-time. The T-MO also reliably responded to catch these objects to prevent them being

dropped.

Having determined that gross slip is reliably detected we next sought to answer: can slip

detection be used as a metric to evaluate the stability of a grasp and improve grasping efficiency?
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This was answered by applying the developed slip classifier to two real world grasping situations:

the gradual addition of weight to destabilise an object and first time grasping of objects. With no

further training the SVM was successful when applied to both of these tasks indicating that slip

detection is useful when establishing grasps and preventing them from failing.

Finally, to progress from gross slip detection it was asked: does mimicking the human fin-

gerprint result in detectable incipient slip in a tactile sensor? Adding a concentric ring structure

reminiscent of the friction ridges of the human fingerprint and structuring the pins inside the

TacTip to resemble the Meissner’s corpuscles in the dermal papillae did indeed facilitate de-

tectable incipient slip. Crucially, this was visible when recording both the internal and external

markers providing a verifiable incipient slip signal.

To conclude, this thesis has made several contributions to the field of tactile robotics by

furthering knowledge relating to gross slip detection, tactile robot grasping and incipient slip.

Everything in research has limitations and this work is no exception but this only serves to

provide more questions and motivate further research. The avenues of research which this work

has opened up shows that slip detection and tactile robot grasping has many decades of research

left to be done and many problems still to solve.

When I started out on the journey that was this thesis I wanted determine how useful the

ability to reliably detect slip could be. My research has demonstrated that slip detection is

highly beneficial in many areas of robot grasping including when lifting objects and using gross

and incipient slip detection to reduce the risk of dropping objects, all of which can be achieved

using low-cost parts. This highlights how important having slip detection capability is to a robot

grasping system and should encourage researchers and manufacturers to consider the inclusion

of slip detection as a high priority. Robots endowed with highly sophisticated touch will be better

able to interact with the world and more safely engage with humans. When applied carefully

and responsibly this has the potential to transform human society for the better. It is, therefore,

my hope that this thesis has earned its place as a small part of this ongoing mission to achieve

human-level touch capability in robotics.
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