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Tactile Sensors for Friction Estimation and
Incipient Slip Detection — Towards Dexterous
Robotic Manipulation: A Review

Wei Chen, Heba Khamis*, Member, IEEE, Ingvars Birznieks,
Nathan F. Lepora, Member, IEEE, Stephen J. Redmond, Senior Member, IEEE

Abstract— Humans can handle and manipulate objects with
ease; however, human dexterity has yet to be matched by
artificial systems. Receptors in our fingers and hands provide
essential tactile information to the motor control system during
dexterous manipulation such that the grip force is scaled to the
tangential forces according to the coefficient of friction. Likewise,
tactile sensing will become essential for robotic and prosthetic
gripping performance as applications move towards
unstructured environments. However, most existing research
ignores the need to sense the frictional properties of the sensor-
object interface, which (along with contact forces and torques), is
essential for finding the minimum grip force required to securely
grasp an object.

Here, we review this problem by surveying the field of tactile
sensing from the perspective that sensors should: (i) detect gross
slip (to adjust the grip force); (ii) detect incipient slip (dependent
on the frictional properties of the sensor-object interface and the
geometries and mechanics of the sensor and object) as an
indication of grip security, or; (iii) measure friction on contact
with an object and/or following a gross or incipient slip event
while manipulating an object. Recommendations are made to
help focus future sensor design efforts towards a generalizable
and practical solution to sense and hence control grip security.
Specifically, we propose that the sensor mechanics should
encourage incipient slip, by allowing parts of the sensor to slip
while other parts remain stuck, and that instrumentation should
measure displacement and deformation to complement
conventional force, pressure, and vibration tactile sensing.

Index Terms—Friction, Grip, Manipulation, Sensors, Slip,
Tactile

I. INTRODUCTION

ROBOTS traditionally operate in structured environments
performing repetitive pre-programmed movements, such
as production line assembly. More recently, however, they are
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finding use in unstructured environments where robotic
grippers are required to perform increasingly human-like
manipulation tasks (e.g., picking up novel, fragile objects).
Studies of humans [1] and monkeys [2] have shown that
mechanoreceptors in the fingers play a critical role in
providing information about an object’s shape, weight, and
mass distribution [3-5], and without feedback from these
receptors even simple object manipulation tasks become
difficult [6-8]. Therefore, it is generally recognized that
providing robotic grippers with feedback via tactile sensors is
an essential step for improving their dexterity, towards human-
like performance.

While research on tactile sensing dates back to the 1970s,
artificial tactile sensors aimed at improving robotic gripping
still fall far short of the capabilities of their biological
counterparts [9]. The vast majority of reported tactile sensors
for robotic applications have focused on transducing one or
more basic physical properties of the object-gripper interface,
such as forces, pressure, displacement, vibration, and
temperature [10-12], with many being based on arrays of
pressure-sensitive tactile elements (taxels). However, the
crucial property of friction, and the parameters it influences,
has been largely ignored.

Friction is the resistance to relative sliding or rolling
movement between two objects in contact. The friction
encountered in most robotic gripping operations are static and
kinetic dry solid sliding friction. The coefficient of static
(kinetic) friction, us (ux), is equal to the ratio of the minimum
tangential force needed to initiate sliding (maintain sliding at a
constant velocity) to the normal force. It is us at the gripper-
object contact interface that determines the minimum grip
force required to hold an object of a given weight. Therefore,
friction plays a vital role in dexterous manipulation tasks.

Classical studies of friction have considered that us is a
constant for a pair of materials in contact. However, the
modern view is that xs is both material- and system-dependent.
For a pair of materials in contact, us and ux can vary with
normal load, sliding velocity, apparent contact area,
environmental factors such as temperature and humidity [13-
15], age of contact, and rate of change of tangential force [16].
Also, us may not encode the force threshold required to initiate
movement across all velocity scales [17-19]. Therefore, in
applications where friction plays a key role, there is a strong
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motivation for the use of real-time friction-based sensing.

Friction (or friction-related) information at the object-
gripper interface can be sensed in various ways to improve
object manipulation. One approach is to estimate us by
allowing gross slip to occur and then measure the tangential
and normal forces at the onset of this gross slip; i.e., when
relative sliding motion between the sensor and the object
starts. A second approach is to measure y; when the gripper
first contacts the object, but before it attempts to lift the object.
A final approach involves detecting incipient slip (when part
of the sensor-object interface (SOI) slips while other parts
remain stuck); the measurement of friction here is not
necessarily explicit, but frictional information is signaled
when regions of the contact area slip. For general
manipulation tasks, all of these approaches may be needed.

This paper aims to review tactile sensors that directly or
indirectly utilize friction information to improve grip security.
Friction sensing is a subset of tactile sensing, and while
valuable review papers on tactile sensors are periodically
published in the literature [9, 10, 20-26], this is the first to
provide a comprehensive review of tactile sensors in the
context of friction and grip security estimation. This review
starts with an explanation of human tactile sensing of friction-
related information (human-like dexterous manipulation is
considered the ultimate capability which artificial tactile
sensing aims to facilitate); next, the literature on artificial
friction-based tactile sensing methods is then covered; finally,
our conclusions compare existing competing approaches and
make recommendations for future research.

II. HUMAN SENSE OF TOUCH

Much effort has been invested in developing tactile sensors
that enable artificial grippers to replicate the function of the
human hand/fingers. Given that artificial tactile sensors often
aspire to emulate human touch, a brief review of the
physiology and biomechanics of human tactile sensing are
introduced here as preface to the review of sensors to follow.

A. Physiology of human tactile sensing

Tactile mechanoreceptors and afferents

The human sense of touch is mediated by four types of
mechanoreceptors that are embedded in the skin. There are
~17,000 mechanoreceptors in the grasping surfaces (glabrous,
i.e., non-hairy, skin) of the human hand, and the highest
density (~240 cm™) of these mechanoreceptors are found in
the fingertip (distal half of the finger pad) [1]. The
mechanoreceptors are innervated by four types of tactile
afferents: two types respond to static stimuli with a sustained
discharge (slowly adapting; SA), and two types only respond
transiently to changing stimuli (fast adapting; FA) [1].
Afferents are further classified as Type I (small receptive
fields with distinct borders), or Type II, (receptive fields
which lack distinct borders) [1]. Thus, the glabrous skin of the
human hand contains SA Type I (SAI), SA Type II (SAII), FA
Type I (FAI) and FA Type II (FAII) afferents. These respond
predominantly to pressure, stretch, and vibration and recent
evidence shows that most afferent classes are excited by most
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tactile stimuli [27]. Tactile information is signaled to the
central nervous system and utilized during object
manipulation; although how this information is decoded is still
under investigation [5, 27-29].

Biomechanics of the skin

While the mechanoreceptors (and their associated afferents)
sense, encode, and transfer tactile signals, the skin is vital to
the sensing process as it converts the dynamics of the skin-
object interaction into stresses and deformations which encode
information about both the properties of the object and the
interface between the skin and the object (i.e., friction and/or
grip security). Human skin is multilayered, viscoelastic,
nonhomogeneous, and has a nonlinear stress-strain response
[30-32]. The glabrous skin of the human finger pad is
characterized by the fingerprint ridges and a high density of
sweat glands [14, 33]. There is evidence that the fingerprint
ridges improve tactile sensation by amplifying mechanical
stimuli for mechanoreceptor excitation [34]. There is further
support for this from artificial tactile sensors [35, 36].
However, fingerprint ridges may serve several different
functions simultaneously, including mitigating the risk of
delamination of the skin (i.e., preventing blisters) [34]. Sweat
excretion changes the fingertip wetness to minimize the
required grip forces during object manipulation [14, 15, 37],
indicating that skin-object friction is rarely constant in the
strictest sense.

Grip force control

During object manipulation, humans automatically apply
forces normal to the grasped surface in proportion to the
tangential load force, but scaled by us at the skin-object
interface [7]. Importantly, it is friction, rather than texture, that
is the primary determinant in the control of grip force [38].
When friction is considerably reduced, after subjects wash
their hands with soap, the grip force used when lifting an
object increases, reflecting the demands of reduced friction;
and over repeated trials, the grip force decreases as the friction
increases due to sweat production [39]. When an object
(varying weights, surface texture and friction) is held between
the thumb and index finger, the grip force is always larger
than the slip force (minimum grip force) so that the object
does not slip, and the grip force is not excessive [8]. Also, the
ability of subjects to perform manipulation tasks is diminished
when the skin of the fingertip is anaesthetized, demonstrating
the reliance on tactile sensory information [6-8].

Both the complex mechanical structure and properties of the
glabrous skin, along with the large number of different types
of embedded mechanoreceptors, contribute to human tactile
sensation. This tactile sensory information is crucial for
maintaining sufficient but not excessive forces and helps to
securely grasp an object during dexterous manipulation.

B. Friction sensing on initial contact

One mechanism by which it is proposed that humans can
sense friction is on initial contact with an object via microslips
(spatially-localized stick-slip events). For more slippery
surfaces, shear (tangential) stress at the skin-object interface is
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released when microslips occur (skin slips on the object
surface) as the grip (normal) force increases [40]. Such shear
stress develops from the center to the periphery along radial
axes because the fingertip is approximately hemispherical. For
a low friction surface, more microslips are presumed to occur
due to the lower frictional forces which allow the shear stress
to be released as the grip force increases; for a high friction
surface, the larger frictional forces prevent the occurrence of
microslips and therefore larger shear stresses are observed
(Fig. 1). While the observed shear stresses in the fingerpad
support the view that humans may be able to sense friction on
initial contact with the object, microslips have not yet been
experimentally observed — experiments to observe such events
would be extremely difficult to carry out — and only a few
studies have investigated afferent responses to different
frictional conditions on initial contact, discussed below.

Johansson and Westling [41] showed that early adjustment
(~100 ms after contact with an object) to a new frictional
condition may depend on the FAI unit responses during the
lifting phase of object manipulation. However, the experiment
did not conclusively determine whether this response was due
to friction or texture. Also, the tangential load increased in
parallel with the normal force as soon as initial contact was
made, therefore the subjects may be using cues from incipient
slips to adjust the grip force.

Khamis et al. [42] demonstrated that tactile afferent
responses are modulated by friction. Friction could be
classified with over 80% accuracy using spike count features
from each afferent in the population (5 SAI 5 FAI 2 SAII and
2 FAII). A normal force was applied to the subject’s fingerpad
using different 3D-printed textured surfaces treated with
friction increasing and decreasing agents, thus overcoming the
previous limitations of being unable to disentangle the effects
of texture and friction. The results support the idea that at
initial contact with an object (before a tangential load is
applied), the human sensory system is influenced by friction-
dependent changes in skin deformation patterns.

While these studies indicate that some friction information
can be sensed at the initial contact with an object, this has not
yet been shown conclusively. Furthermore, the friction of the
fingerpad skin is affected by normal force and hydration [14,
15, 37, 43], contact area, surface roughness, motion direction
and sliding speed [44]. Additionally, for some materials the
friction increases dramatically after the grasp is initiated, due
to the reconfiguration of keratin molecules at the interface,
meaning that an estimate of low friction made at initial contact
may lead to a substantial overestimation of the grip force
required a few seconds later [45]. Therefore, while sensing
friction at initial contact is beneficial for securely lifting an
object, it may not be appropriate for ongoing maintenance of a
secure grip. The evidence does not support the notion that the
friction sensed on contact is the only friction-related
information that humans use throughout the manipulation task.

C. Grip security during manipulation

The fingerpad allows for independent movement of skin
regions — skin is able to stretch and compress tangential to its
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surface in localized regions [37, 46, 47]. The convex shape of
the fingerpad also helps ensure that, when in contact with a
surface with positive curvatures (e.g., a sphere), the skin at the
periphery of the contact area is subject to a lower pressure.
The skin at the periphery of the contact area is therefore more
likely to experience slip when a tangential force is loaded,
than the skin at the center of the contact area [37, 46]. The
region of incipient slip around the periphery of the contact
area grows as the tangential force is increased (Fig. 2). It has
been proposed that, in humans, the ability to sense this
incipient slip is important for maintaining grasp stability
during manipulation tasks [41].

Khamis et al. [28] showed that the ratio of tangential-to-
normal force can be estimated as a percentage of the critical
load capacity (the maximum tangential-to-normal force ratio
achieved before gross slip will occur) using the responses of
only a small number of afferents. While this is evidence that
we can sense grip security, the question of which
biomechanical mechanism the tactile afferents are transducing
remains to be answered. One possibility is that they are
responding to incipient slip.

a High fricrion (latex membrane) b Lew friction {latex membrane + talcum powder)

F, 05N M 4N F, 058N IN an

Tangenzial
stress (kPa)

Fig. 1. Distributions of normal and tangential stresses when the fingerpad
contacts a stationary surface at three normal force levels (£,) for (a) a high
and (b) a low friction surface. Similar normal stresses are observed in both
friction conditions. Lower overall tangential stress is observed for the low
friction surface due to lower frictional forces; that is, there is more localized
slipping (microslips) in the contact area for the more slippery surface.
Reproduced from [40] with permission from Macmillan (Copyright 2009).
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Fig. 2. Evolution of the stuck area for a human fingerpad. Example images for
stick ratios of 1 (entire contact area is stuck), 0.75, 0.5 (half the contact area is
slipping), 0.25 and O (entire contact area is slipping) for distal and ulnar
shearing of a transparent glass plate for subject S3. Three trials (same normal
force and speed) are superimposed. Background picture is the contact area
from one trial. Contact (stuck) area is blue (red) contours. Reproduced from
[46] with permission from The Royal Society (Copyright 2014).

1.00 0.75

III. TACTILE SENSING TO IMPROVE ROBOTIC MANIPULATION

A. Review of gross slip, incipient slip, and friction sensors

Tactile sensing refers to the transduction of any type of
information/signal through physical contact between the
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sensor and an object. Many tactile sensing techniques have
been proposed to improve robotic manipulation, most of
which focus on contact force measurement or on slip
detection; these have been reviewed in detail in the literature
[10, 20, 21, 25, 26]. However, most of the existing research
has not considered the need to sense the frictional properties
of the SOI to maintain a firm grip. Adjusting the grip force to
maintain a stable grasp while not crushing the object, is
something humans do with ease; for robotic manipulation, one
approach to achieve this level of dexterity would be to
determine the coefficient of static friction (¢s) while handling
the object.

This section will review three main approaches to improve
grip security during object manipulation by robotic grippers:
(1) gross slip detection (when all parts of the contact

interface slide against each other);
(il) incipient slip detection (when part of the contact
interface slides while other parts remain stuck);
friction estimation (performed either using gross or
incipient slip detection during active exploration or
during manipulation, or on initial contact with object).
All three of these categories involve slip detection. The major
differences are the extent of slip required, and whether us is
estimated in order to inform a subsequent grip force
adjustment, which will impact on the utility of the technique
when employed in real-time manipulation tasks.

The sensors reviewed in this work are presented in Table 2.
The table summarizes the main physical and transduction
properties of the sensor, how it was validated, its performance,
and the main advantages and disadvantages of the sensor. A
brief description of the key design features of each sensor and
the general advantages and disadvantages of different
approaches are presented in the following subsections. In each
subsection, the sensors are described in chronological order as
well as by following the sensor design developments of a
particular research group or developments in the application of
a particular sensor (e.g., a commercially available sensor).

(iii)

B. Gross slip detection

For two surfaces in contact (sensor surface and object
surface), gross slip refers to the case when all parts of both
contact surfaces slip completely against each other. If the
object is already lifted, relying on gross slip detection to
ensure grip security risks dropping the object if the slip cannot
be arrested by sufficiently increasing the grip force; therefore,
it should be considered a last resort after other methods of
controlling grip security. Moreover, a previous review on
artificial slip sensing has covered many of the various gross
slip sensors [48]. For these reasons, this review will focus
more on incipient slip and friction estimation. That being said,
a number of gross slip sensors have been published since the
review in [48], and there are also some published sensors that
are not covered by [48]. For completeness, both new and
omitted papers on gross slip detection are briefly reviewed
here.

Choi et al. [49] describe a fingertip tactile sensor composed
of a force sensor (two overlaid polyester films with pressure-
variable resistor ink forming a grid type electrode pattern) and
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a slip sensor (a single polyvinylidene difluoride (PVDF) film).
Sharp changes in the PVDF film signal were thought to imply
that stick-slip (gross slip) has occurred.

Two more published works used the Myrmex sensor - a
matrix of 16x16 sensor cells, covered with a carbonized foam
with a pressure dependent resistance [50]. Schopfer et al. [51]
used a neural network (NN) to estimate slip velocity from the
frequency spectrum of the Myrmex sensor output. Meier et al.
[52] applied a convolution NN to the short-time Fourier
transform of two Myrmex sensors (one on either side of a
gripper) to classify the grip condition as stable, translational
slip or rotational slip.

16 mm

Metallic capsule Y
il Contact
region

Elastic

 ———

2.7 mm
20 mm

SN
Ly

Barret Hand finger

20 mm

(a) (b) (e)

Metallic cover of the sensor

() (e)
Fig. 3. Sensor for gross slip detection developed by Fernandez et al.: (a)
Cross-section of the sensor; (b) applied force F; (¢) decomposition of applied
force F; (d) sensor parts; (¢) sensor mounted on a BarrettHand finger.
Reproduced from [53] with permission from MDPI (Copyright 2014).

Fernandez et al. [53] developed a sensor with strain gauges
that measure moments transmitted from a metallic semi-
cylindrical cover to an elastic beam (Fig. 3). Slip induced
structural micro-vibrations were detected when the product of
the spectral peak value and peak frequency of the Fourier
transform of the strain gauge signals exceeded a threshold.

A number of published works used the BioTac sensor
(SynTouch, CA, USA; Fig. 4) — a multimodal tactile sensor,
with a compliant elastomer fingertip filled with conductive
fluid and a stiff fingernail on the back — for slip detection. The
BioTac contains nineteen electrodes to measure inter-electrode
fluid impedance as the fingertip skin is deformed, a
hydrophone to transduce vibrations and a pressure sensor to
measure the fluid pressure. Su et al. [54] proposed two
methods for detecting gross slip using the BioTac: (i) a force-
derivative method in which a slip is detected when the
tangential force derivative (estimated from the fluid
impedance) drops below a threshold; and (ii) a vibration-based
method in which a slip is detected if more than half of the
fluid pressure sensor values in a time window exceed a
threshold which is twice as large as the baseline environmental
vibration. Features from all the signals of the BioTac have also
been used to predict gross slip [55] with prediction horizons of
0.005, 0.01, 0.015 and 0.02 s, using a random forest classifier,
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support vector machine, and spectral slip classifier.

Heyneman and Cutkosky [56] reported the performance of
three tactile sensors with respect to classifying slip as
occurring between a grasped object and the sensor, or between
a grasped object and the world. Features relating to signal
power and mean square coherence across all sensing element
pairs were extracted from the BioTac [57], a sensor with an
array of capacitive sensors and accelerometers [58, 59], and a
PVDF-based sensor with a curved, textured rubber, outer skin.
Similar slip-state classification was performed by [60] on
features extracted from three unidentified sensors using a
Long-Short-Term Memory NN. Classification accuracy was
found to vary with sampling rate, window size, material, and
slipping speed, with accuracies ranging from 57.6% to 93.7%.

Rigid Core w/
Integrated Electronics

Hydroacoustic Fluid

Thermistor  Fingernail Pressure Transducer

Incompressible )
Conductive —
Sensing Fluid

Electrodes

External Texture Impedance Elastomeric Skin

Fingerprints

Fig. 4. Cross-sectional schematic of the BioTac sensor. Adapted from [57]
with permission from IEEE (Copyright 2014).

CCD Camera

Ay / Camera

Spacer

Sensor

Skin Acrylic

IRLED Window
Hlumination
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Fig. 5. (a) Cross-sectional schematic of the TacTip sensor. Adapted from [61]
with permission from IEEE (Copyright 2009). (b) Raw camera image.
Adapted from [62] with permission from IEEE (Copyright 2018).

The most recent gross slip detector in the literature is the
TacTip [62] — a biomimetic optical tactile sensor that operates
by tracking internal pins embedded in a compliant skin (Fig.
5). These pins provide a strong signal of gross slip as the
direction of their velocities align at the moment of slip onset.
A support vector machine classifier gave accurate
discrimination (99.88%) between slipping and non-slipping,
with robustness to object shape and rate of slip initiation. This
was sufficient to arrest slipping objects before being dropped
for movement constrained to the vertical direction only.

The sensors detecting gross slip that were reviewed in [48],
and the further approaches reviewed here [49, 51-56, 62],
detect gross slip by measuring displacement, vibrations, forces
or thermal flows using piezoresistive, piezoelectric, capacitive,
optical and thermal transducers. An important aspect of grip
security is how the grip force is to be adjusted following gross
slip detection to recover the grasp on the object. A common
proposal is to simply increase the grip force in a
predetermined way until slip is no longer detected [63-69].
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However, if gross slip detection is the only tactile sensing that
is performed, it is not known how much the grip force needs to
be adjusted to restore grip; determining the appropriate grip
force adjustment is inextricably linked to measuring friction
and forces at the gripping interface, either directly or
indirectly. Furthermore, even if the magnitude of the grip
force adjustment required is accurately determined, it remains
to be seen whether gross slip can be detected early enough to
allow enough time for grip force adjustment; in fact, this may
not be possible in cases where the object need only slip a very
small distance before it is dropped.

C. Incipient slip detection

Incipient slip refers to when part of the contact interface
slides while other parts of the contact area remain stuck, and
this occurs prior to gross slip. Therefore, detection of incipient
slip is gaining recognition in the literature as a feasible
mechanism for maintaining a secure grasp. These slips may be
detected via associated localized vibrations at the periphery of
the contact region, or as relative displacement of localized
parts of the sensor surface. The key concept underpinning this
approach is that part of the sensor can deform/slip
independently of the rest of the sensor due to it having
appropriate mechanical compliance. The localized incipient
slip is driven by differences in the forces experienced at
different parts of the SOI, achieved by the sensor having
appropriate shape with positive surface curvature. Detecting
this incipient slip would indicate that the grip force needs to be
increased to maintain a stable grip on the object, before gross
slip takes place. The sensors that have been reported in the
literature which detect incipient slip are described below.

Ando and Shinoda [70] proposed an ultrasonic emission
tactile sensor made of a flexible, hemispherical body with an
embedded PVDF sound sensing matrix. The authors show that
slips produce ultrasonic emissions (also shown in [71]) and the
emissions sources can be localized, and propose that this
mechanism may make the detection of incipient slip possible.

Marconi and Melchiorri [72] and Holweg et al. [73]
developed a sensor made of a 16x16 array of conductive
rubber with force-dependent resistance. As a tangential force
is applied, before slip, the rubber is stretched and a small
movement of the object causes a shift in the position of the
center of the force distribution which they detect from the fast
Fourier transform of 32 successive positions.

Maeno et al. [75] showed that the shear-strain distribution
inside a curved elastic finger indicates the stick-slip pattern at
the finger surface during gripping. Incipient slip always occurs
near the edge of the contact area when the grasp is established
due to the positive curvature of the elastic finger. A real elastic
finger was made with embedded strain gauges (Fig. 6) [76]
and the strain distribution pattern was similar to results from
finite element analysis, indicating that it may be used to detect
incipient slip. A method for using the elastic finger to adjust
the grip force was also proposed [77]. The area of the stuck
region is monitored by the change in shear strain inside the
elastic finger and the slope of the normal to tangential curve is
increased (decreased) when the stuck area is large (small).
Yamada et al [78] built on previous work [76, 79] to design an
artificial elastic finger with a surface geometry imitating the
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ridges of the human finger. Incipient slip of the ridges at the
edge of the contact area was detected by a change in the first
and second time derivatives of the strain difference from two
strain gauges embedded within each ridge. Fujimoto et al. [80]
later replaced the strain gauges with PVDF films (Fig. 7), and
a NN was trained to detect incipient slip.

phosphor bronze plate silicone rubber

strain gage |
by

Fig. 6. Elastic curved finger developed by Maeno et al.. Fifteen phosphor
bronze plates of 0.1 mm thickness are embedded in an elastic body of silicone
rubber at an angle of 45 degrees from the x-axis. Strain gages are bonded to
the phosphor bronze plates. The strain distribution measured by the strain
gauges can indicate a condition of incipient slip. Reproduced from [76] with
permission from IEEE (Copyright 1998).
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(b) section of a ridge

loeated a1 an end
Fig. 7. Atrtificial finger skin, developed by Fujimoto et al. The dimensions of
the whole sensor, each ridge as well as the location and orientation of the
embedded strain gauges are described. The sensor has nine ridges on the
surface and a pair of strain gauges is embedded underneath each ridge.
Reproduced from [80] with permission from IEEE (Copyright 2003).

(a) artificial finger skin

Canepa et al. [74] described a tactile sensor consisting of a
linear array of eight pairs of piezoelectric polymer transducers
underneath a layer of silicone rubber. One transducer in each
pair is sensitive to normal stress and the other to shear stress.
The rate of change of normal and shear stress are used to train
a NN to output the degree of incipient slip as the ratio of
tangential force to the maximum allowable tangential force
(measured offline) at which gross slip would occur; a similar
ratio was described in [29] (see section I1.C).

Ikeda et al. [81] and Ueda et al. [82] proposed a method of
grip-force control based on feedback of a visual “slip margin”,
determined from the deformation of an elastic surface (the
object) against a flat transparent sensor. The slip margin (a
custom index: 1 when the contact area is completely stuck,
and 0 when the contact interface completely slips) is estimated
from the eccentricity of the perimeter of the contact area,
which is determined by processing an image captured from
behind the transparent sensor surface.

Watanabe and Obinata [83] proposed an incipient slip
sensor consisting of a CCD camera, LED lights, acrylic plate,
and a spherical elastic body made of transparent silicone
rubber patterned with a grid of dots (Fig. 8). The deformation
of the elastic body (regions of incipient slip) are determined
by analyzing the arrangement of the dots. The degree of slip
was indicated by a “stick ratio” — the ratio of the area of
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incipient slip region to that of the contact region. The method
was later improved to handle changes in slip direction or
changes in the contact region area due to changes in the
normal force [84].

CCD eamera

LED lights
/

Acrylic plate .

T Elastic body

Object —__

b

(a) (b}
Fig. 8. Vision-based tactile sensor, developed by Watanabe and Obinata.
(a) Structure of sensor, and (b) image captured by the camera during contact.
The contact region is recognized by detecting the area having a brightness or
light intensity greater than a predefined threshold. A stick ratio that indicates
the degree of slippage is used to calculate the required grip force. Reproduced
from [83] with permission from IEEE (Copyright 2007).

William et al. [85] proposed a hemispherical tactile sensor
with concentric circular ridges over its surface. The partial
deformation of sensor ridges occurs on the edge of the contact
area before gross slip, which is a measure of incipient slip. To
detect the incipient slip, optic fibers are embedded into the
grooves between rubber ridges (Fig. 9), and a change in light
intensity transmitted by those fibers is interpreted as an
indication of incipient slip.

Tada and Hosoda [86] showed that it is possible to detect
incipient slip from the vibrations they cause using PVDF films
and strain gauges randomly embedded in a soft artificial
fingertip. A NN was trained with the output of a camera to
determine whether the grasped object had slipped or not. This
work was extended in [87] — the output of a NN was used to
control the grip force during object manipulation based on the
PVDF and strain gauge signals from the sensor.

NN

Ob ject

(@ (0

Fig. 9. Profile of optics-based tactile sensor illustrating effect of ridge
deformation and principle of incipient slip detection, developed by William et
al.. When incipient slip occurs on the edge of the contact area, the relative
displacement of the object to the sensor introduces light into the grooves
between rubber ridges, which is captured by optic fibers. Reproduced from
[85] with permission from Taylor & Francis (Copyright 2007).

Mamun and Ibrahim [88] proposed a sensor that detects a
local micro-displacement based on the mutual inductance
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property of an array of sensor elements. Each sensor element
consists of three inductors: two of the inductors are stationary
and carry alternating current, while the third inductor is short-
circuited and mounted on a flexible rubber sheet placed
between them. The sensing is achieved by detecting changes
in mutual inductance as a function of the varying distance
between a pair of inductors.

Anh Ho et al. [89] proposed a soft semi-cylindrical rubber
fingertip sensor with many uniformly distributed ridges on the
outer (gripping) surface. Their results showed that during the
transition from sticking to slipping, incipient slips occur on the
contact line, propagating along the direction of slide.
Instrumentation of the sensor has not yet been described.

In more recent work, Anh Ho et al [90] proposed modeling
the human fingertip using virtual elastic compressible and
bendable cantilevers and also created an artificial fingertip
based on a sequence of magnetic resonance images of a
human index finger. The bone and nail were 3-D printed, and
the soft tissue was polyurethane rubber gel that had been cured
in a mold. In agreement with observations made in the human
finger [46], both the model and the artificial fingertip showed
that incipient slips occur during tangential loading, initially
near the boundary of the contact area, propagating from the
periphery inward towards the center of contact. The ratio of
slipped area to total contact area was used as a slip indicator
(as in [83]) to control the grip force during a lifting simulation
without needing to monitor the contact forces. Instrumentation
of the artificial finger has not yet been described.

Yuan et al. [91] have proposed a novel method to measure
incipient slip with a GelSight sensor, which consists of a clear
elastomer coated with a reflective membrane with markers on
its surface (Fig. 10(a) - (b)). When an object is pressed against
the sensor, the elastomer deformation is recorded by a camera
under illumination of colored lights. The displacement field of
the elastomer is calculated by tracking the surface markers
(Fig. 10(c) - (d)) and the entropy of the displacement field
indicates the degree of incipient slip. The elastomer layer has
since been given a curved surface [92], and recently a compact
version of the sensor (GelSlim) has been described [93].

33mm o " = —

Camera

W LEDs
Light Guiding
E Plate
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(a) (b) (c)

(d) (e)
Fig. 10. GelSight sensor developed by Yuan et al.. (a) Schematic, (b) camera
view during grasping experiment with a soda can, (c) displacement field when
grasping stably, (d) displacement field when the can is lifted stably, with shear
field shown in (e) after subtracting the normal load displacement field of (c).
(f) The response to an external torque on the can. Adapted from [91] with
permission from IEEE (Copyright 2015).
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The sensors reviewed above detect incipient slip by
measuring vibration, changes in stress and strain, deformation
and displacement, using strain gauges, PVDF film, optical
methods, inductance and force dependent resistances.
However, those studies mainly consider incipient slip as an
event detected by their system earlier than some external
reference method of gross slip detection (e.g., using video, a
potentiometer, or an optical linear encoder to measure the
gross object displacement relative to the sensor). In our view,
the validation of incipient slip detection requires a further step
to determine the accuracy with which it can detect these
events. Without that validation, there is a question whether the
sensor is in fact detecting incipient slip, or whether it is simply
able to detect the gross slip earlier than other traditional
reference methods, which may be the case in [72, 85, 86].
Only one of the works has attempted to validate the incipient
slip detection itself [74], and a few works have validated the
incipient slip detection against simulated results [75-77, 88].
That being said, a number of these works [75-78, 81, 83, 86,
91, 92] have attempted to integrate their sensors into some
kind of gripping feedback control, which give a form of
indirect validation.

D. Friction estimation

To maintain a firm grip, most existing works ignore the
need to sense the frictional properties of the SOI. There have
been, however, a few works that have addressed this
shortcoming in the literature by taking one of two approaches:
(i) allowing gross or incipient slip to occur to determine
friction; or (ii) estimating friction on contact with the object.

Friction estimation via slip detection

A lab-based measurement of the static friction, us, between
two materials relies on measuring the tangential and normal
forces at the moment of gross slip. Indeed, any gross slip
detector could be combined with force sensing such that the
tangential and normal forces are measured at the onset of
gross slip to calculate y,. Furthermore, this could be performed
either during an exploration of the object prior to
manipulation, or during the manipulation itself, although in
this latter case, there is a greater risk of dropping the object.
One benefit of this approach is that during object
manipulation, whenever a slip is detected, an updated estimate
of us can be determined. Alternatively, when used in
conjunction with an incipient slip detector, continuous force
monitoring could provide an estimate of s If the global
tangential-to-normal force ratio at the time of the incipient slip
event is taken as an estimate of u, it would generally be
underestimated (which is better than obtaining an
overestimate, from a grip security perspective) since the
incipient slip would necessarily be in a region of the contact
interface subject to a smaller normal force than the measured
global normal force averaged over the contact area. A few
reports are reviewed below that detect incipient slip with
explicit reference to friction estimation.

Howe and Cutkosky [94] presented a slip sensor made of a
thin textured rubber skin covering a soft inner layer of foam
rubber, isolating the skin from structural vibrations in the
manipulator. An accelerometer is attached to the inner surface
of the skin to measure large local accelerations which are
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believed to be produced when areas of the skin catch and snap
back as the sensor moves against a surface. Tremblay and
Cutkosky [95] improved on this technique by moving the main
accelerometer to the side of the fingertip for greater sensitivity
to vibrations associated with incipient slips, and a second
sensor was added at the center of the contact region (Fig. 11).
Normal and tangential forces are also recorded via a three-axis
force/torque sensor mounted behind the fingertip. An incipient
slip is detected when a suprathreshold signal is present on the
lateral accelerometer, but not on the accelerometer in the
contact area, and the ratio of tangential-to-normal force at this
time is taken as an estimate of ;.

Son et al. [96] describe a multi-element stress-rate sensor
composed of four piezoelectric polymer strips molded into the
surface of the rubber “skin” with protruding nibs (Fig. 12).
Incipient slip can be detected by observing changes in two of
the piezoelectric elements, which are measuring normal stress
rate. An estimate of us between the sensor and the manipulated
object can be calculated by measuring the force signals just
prior to the detected incipient slip.

mounting base

foam

side

4 rubber skin
accelerometer__, h
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vibrating "nib accelerometer
direction ¢

of slip

typical pressure A object

distribution profile

Fig. 11. Structure of the accelerometer-based artificial fingertip that detects
incipient slip, developed by Tremblay and Cutkosky. The two accelerometers
are used to detect slip-induced vibrations. The foam helps the fingertip
conform to the grasped object surface to provide better grip, and reduces grip
force control instability problems. The skin is covered with “nibs” that form
local contact regions that can slip independently from one another and
produce small vibrations when they do so. Reproduced from [95] with
permission from IEEE (Copyright 1993).

Palyesiar Foam

Desensitized
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Embedded Piezoslectric Fim

Eletrical connaction point
Fig. 12. The multi-element stress-rate sensor with slip detection capability,
developed by Son et al. Reproduced from [96] with permission from IEEE
(Copyright 1994).

Khamis et al [97] recently proposed a proof-of-concept
design for an incipient slip sensor which also estimates us. The
PapillArray is an array of silicone pillars with different
uncompressed heights (Fig. 13). When compressed by a planar
object surface, the tallest central pillars are under greater
normal stress and thus able to generate a greater friction force;
this encourages the shorter outer pillars to slip first when a
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tangential force is applied. The incipient slip can be detected
by measuring the deflection of the individual pillars. Also,
when global forces are monitored, a simple mechanical model
can be used to estimate us each time an incipient slip is
detected. Instrumentation for the PapillArray, to detect pillar
slip, will be described in an upcoming publication.

In [94-96], there was no attempt to determine the
relationship between the estimated us and the actual us. Only
the PapillArray estimates of us were validated against
reference measurements of us [97].
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Fig. 13. The principle of operation of the PapilArray multi-pillar incipient slip
sensor developed by Khamis et al.. A central pillar and outer pillar of a
PapillArray sensor, each with diameter D, and uncompressed heights /c and /o,
respectively. The sensor is shown when A) it is uncompressed, B) it is
compressed with a flat surface, and C) the surface is sheared. Reproduced
from [97] with permission from Sensors & Actuators A (Copyright 2018).

Friction estimation on contact

As an alternative to using gross slip detection and force
measurement to estimate friction, a number of sensors have
been proposed that measure s when the sensor first contacts
the object, but before there is any attempt to lift the object. In
this scenario, slip still occurs when the object is first grasped,
but it is in a symmetric fashion such that there is no relative
gross movement between the sensor and the object. This
approach incorporates the exploration procedure into the
grasping action but, it does not typically allow further
information on friction or grip security to be gathered during
the manipulation task.

Nakamura and Shinoda [98, 99] proposed a tactile sensor
using an acoustic resonance tensor cell (ARTC) sensing
element, for estimating us (Fig. 14). The ARTC is a
parallelepiped cavity connected to an ultrasound transmitter
and receiver. From the three primary acoustic resonant
frequencies of the cavity air, it detects the extension of the
cavity along the edges (corresponding to vertical and
horizontal strain), which should map to a value of x; according
to the simulated results in [100] if well-calibrated.
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{a) {b)
Fig. 14. Structure of the friction sensor developed by Nakamura and Shinoda:
(a) schematic, and (b) sensor body made of transparent silicone rubber. The
flat surface of the sensor makes contact with the object. Reproduced from [99]
with permission from IEEE (Copyright 2001).

Maeno et al. [101] proposed a method to estimate us
between a planar surface and an elastic finger sensor ([76, 77];
Fig. 6) on initial contact. The deformation of the elastic finger,
the contact forces and the strain distribution were calculated
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from finite element analysis for various us. Their results
showed that shear strain differs with us and can therefore be
used to estimate friction.

Okatani et al. [102] describe a tactile sensor, composed of
three pairs of parallel piezoresistive beams embedded in an
elastomer (Fig. 15), which is able to measure normal and shear
strains of the elastomer that are caused by applying a normal
force. The relationship between normal and shear strains was
found to be dependent on us and it was proposed that this
could be exploited to estimate ys.

Peripheral local slips depends
on coefficient of static friction

—
e

=y

=i Estimate friction coefficient
before a global slip

Fig. 15. Schematic of friction sensor developed by Okatani et al. — an
elastomer embedded with three pairs of silicon beams with piezoresistors. The
central pair of beams detect vertical strain, and the other two pairs detect
lateral strain; both strains are dependent on the amount of incipient slip at the
periphery of the contact area when a normal force compresses the elastomer.
Reproduced from [102] with permission from MDPI (Copyright 2016).

Chen et al. [103] [104] proposed an eight-legged tactile
sensor that can estimate us between a planar surface and the
sensor itself (Fig. 16). The sensor has eight (four pairs of)
straight and rigid legs, each making a different predefined
angle with respect to the vertical, which corresponds to a
specified us. A range including the exact value of us can be
estimated by simply determining how many sensor legs have
slipped when pressed against a surface.

Detect local slips with
pairs of piezoresistive beams

[i5)
Fig. 16. Photos of (a) “spider” and (b) “spider2” sensors. Senses friction
ranges by detecting which legs (arranged at different angles) slip when
pressed against a planar object. Reproduced from [104] with permission from
Springer, Copyright 2016.

The above sensors that propose measuring stress/strain in
order to estimate ys at initial contact with an object, were able
to show that the stress and strain distributions were dependent
on us; however, most did not attempt to define a relationship
between the measured quantities and us [98, 99, 102]. A
relationship between strain and us was found in [101];
however, the range of us for which the sensor was operational
was severely limited (us < 0.5). Rather than providing an
estimate of us as a single value, the approach using rigid
sensor legs [103, 104] provides an estimated range of us.
Increasing the number of legs (meaning more friction angles
are tested) would increase the precision of the us estimate;
however, at present, the approach applies only to objects
gripped on a planar surface, so extension to curved surfaces
would be necessary in general.
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IV. RECOMMENDATIONS

In the context of object manipulation, gross slip during
manipulation is undesirable as it may lead to dropping the
object. Therefore we consider gross slip detection as the last
line of defense for grip security, and not generally suited as
the only feedback regarding grip security.

In general, the type of information required during
manipulation, and how often it is required, is application
specific. Example applications for which a single estimate of
friction at the onset of a manipulation task is sufficient include
those where the environment is controlled and the friction with
any one object is known to be constant. However, a sensor that
gives a continuous indication of grip security (either by
continuous measurement of friction, or by incipient slip
detection, or both) would be more widely applicable and
would likely facilitate superior dexterous manipulation. This is
particularly important when the friction cannot be guaranteed
to be constant throughout the manipulation task. This may be
because the friction is nonlinearly dependent on normal force,
contact area, and/or the rate of change of tangential force; e.g.,
silicone contacting a hard surface. Friction may also change
during manipulation due to environmental factors; e.g., an
outdoor application where rain water could form a fluid layer
between the sensor and the gripped object.

A. Physical design considerations to encourage incipient slip

Technical requirements

For general manipulation scenarios, a sensor that detects
incipient slip (either to estimate friction or to indicate grip
security without estimating friction) would be most suitable.
The physical design of an incipient slip detection sensor must
be conducive with allowing incipient slip to actually occur.
The most direct design to ensure this is one in which the
sensor surface consists of many individual components that
can move independently of each other. The incipient slip
sensor should also, by design, encourage incipient slip by
ensuring that some individual components are more likely to
slip than others under the same gross force conditions. This
may be accounted for by the geometry (i.e., the relative sizes
or orientations of individual moving components) of the
sensor surface so that there is a pressure differential across the
contact area. The mechanics of the sensor surface can also
slow the incipient slip rate so it can be more easily detected.

Challenges and possible solutions

Yamada et al. [79] commented on the inability of their flat
surface sensor to detect incipient slip and went on to say that
in the curved surface case, the difference in pressure
distribution across the contact area allows a peripheral sensor
element to slip more easily and earlier than a central sensor
element. They expanded on this by commenting that the radius
of the curvature of the sensor surface is a critical parameter:
too large and the normal contact force distributes too
uniformly and the incipient slippage, once initiated, is not
constrained to the edge of contact area and may be so
widespread as to compromise the grip security; too small and
the contact area is reduced and edges of the sensor are not in
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SUMMARY OF SENSORS REVIEWED. SENSOR PROPERTIES THAT ARE SUMMARIZED ARE: DIMENSIONS (WIDTH (W) X LENGTH (L) * HEIGHT (H) IN MM), WHERE WIDTH AND LENGTH REFER TO THE SENSOR FOOTPRINT,
AND HEIGHT IS NORMAL TO THE GRIPPING SURFACE); TRANSDUCTION MECHANISM (E.G., VIBRATION, FORCE, STRAIN, DISPLACEMENT); METHOD OF INSTRUMENTATION (E.G., STRAIN GAUGE, PVDF); WHETHER THE
DETECTION PARAMETER IS TRANSIENT (E.G., VIBRATION DUE TO A SLIP EVENT) OR PERSISTENT (E.G., STATIC STRAIN); SURFACE GEOMETRY; AND SURFACE MATERIAL. THE METHOD OF VALIDATING THE SENSOR,
INCLUDING THE TESTS PERFORMED, THE OBJECTS AND CONDITIONS TESTED, AND THE REFERENCE AGAINST WHICH PERFORMANCE WAS MEASURED, AND THE REPORTED RESULTS ARE ALSO SUMMARIZED, AS WELL AS
THE OVERALL ADVANTAGES AND DISADVANTAGES OF THE SENSOR. NR: NOT REPORTED.

W  [Transduction mechanism;
Sensor L Instr.umentatfon; Surface geomet.ry; Validation method Results Advantages Disadvantages
H Transient/persistent Surface material
(mm) detection parameter
Gross Slip Detection
[49] Olg ;’i})];al;t?on; ?ﬁi flexible geb‘;te;f/]écok;l;iii(i r;l?rzgrg Sensor; Qualitative result: Sharp change of [Vibration signal likely to be noisy during autonomous
0.1 [Transient Silicone IReference: None. pignals observed visually. grpping.
Test: Induce gross slip between object and sensor; INN trained to estimate slipping velocity Reference signal may not match actual slip velocity due
(Objects/Conditions: 5 objects (4 flat, 1 curved), 2 normal forces [from frequency spectrum of sensor to sensor compliance. NN must be trained on many
(8, 51]
’ 80 [Vibration: 0.8 and 2 N); output: mean square error reported, but shapes/surfaces. May not perform well for previously
30 P;c;:ulrzl:cnsitivc resistors: [Flat; IReference: Position of robotic manipulator. units are unclear. lunseen surfaces.
15 ITransicnt ” |Carbonized foam  |Test: Induce gross slip between object and two Myrmex sensors [NN trained to classify grip state from
[52, one on either side of a gripper); short-time Fourier transform of each of INN must be trained on shapes/surfaces. May not
84] (Objects/Conditions: 3 objects, varying normal force (1 — 20 N); [the 12x12 sensor cells of each of the perform well for previously unseen surfaces.
IReference: Onset of slip detected by evaluating contact forces.  ftwo Myrmex sensors: 97% accuracy.
16 Vlbfatlon; . Semi-cylindrical; Tes_t  Induce gross s'hp between Ob.JCCT and sensor; Qualitative results: Reported good slip [Hard sensor surface. Vibration signal likely to be noisy
[53] 40 [Strain gauges (Objects/Conditions: Flat metal object
20 Transifnt 8085 IMetal Re/iere;vce' None o Jject detection performance. [during autonomous gripping.
[Tangential force derivative; Detects slip 18 ms + 4.9 ms (plastic jar)
Impedance electrodes; Test: Induce gross slip between object and sensor; land 4.7 ms + 7.2 ms (wooden block) IDetecting gross slip later than an IMU.
[54, Persistent Objects/Conditions: 3 objects with flat surfaces and 1 object withjafter IMU.
57] Vibration; lcylindrical surface (us UOF SP?Ciﬁeq)é ) Detects slip 32.8 ms + 4.2 ms (plastic Unclear if incipient slip detection or early gross slip
[Pressure transducer; IReference: IMU for monitoring object motion. jar) and 35.7 ms + 6.0 ms (wooden detection — skin stretch may be insufficient for
[Transient block) before IMU. deformation required for incipient slip.
/Anthropomorphic  |Test: Induce gross slip between object and sensor; Classifier to predict gross slip with
15 fingertip with Objects/Conditions: Multiple objects, multiple contact points, .005, 0.01, 0.015, 0.02 s prediction
2% fingerprint ridges; |multiple slip speeds and directions; horizon. Mean F score > 0.85 across all (Comprehensive L  prediction hori £0.02 b
[55, 14 p ibrati Elastome‘ric skin - Reference: NR. features for novel objects. rultimodal tactile SLi)frlﬁgcizn{)I;f)rlc lionad'OLf:r’le;r(l)t in.thesc:;aeyo?(;lea(\:/ier
57] t crrerzlss::;,u \r/é : ration, 'surroundlng' Test: Grip stabilization (grip released until slip is predicted); Stabilization success > 90% (0.02 s sensor. biccts or osgb]i irjl the presence of torque
. I; dance électro des mcompr}esmblet Objects/Conditions: 7 objects (different weights, shapes and prediction horizon) for light objects. ) p Y p que-
rcpssurc transducer. ? conductive fluid imaterials); Stabilization success < 56% (0.02 s
Femperature trans dl;CBr' IReference: NR. rediction horizon), for heavier objects.
: o Test: Induce gross slip between object and sensor and between . . . o,
Persistent and transient . . . Classification of slip condition: 76.3%
bject and external stylus (4 types of motion; 2 classes of slip); Lo
[56, ; o . laccuracy using signal power (best
Objects/Conditions: 8 flat surfaces (different textures), 2 speeds .
, T%
57] (2 s and ~5 cms); frequency band), 86.7% accuracy using
[Reference: Type o fsiip - signal coherence (multiple fingers).
ig (Capacitance, vibration; Flat with bumps  |Test: Induce gross slip between object and sensor and between  [Classification of slip condition: 89.6%
[56, |Array of capacitive taxels, [with hemispherical jobject and world (5 types of motion; 2 classes of slip); accuracy using signal power (best e . .
58, 59] (i\;lc{h laccelerometer; ends; Objects/Conditions: 8 flat surfaces (different textures), 1 speed; |[frequency band), 75.9% accuracy using g?n;l;(sitgf?cih‘ﬁzﬁfegj ﬁliszz;:cfrilég s:it&ezlti/sensor
taxel) Persistent and transient Silicone rubber IReference: Type of slip known. signal coherence (multiple fingers). onrs) ot ) ’ P
Shape encourages
Test: Induce gross slip between object and sensor and between . . . s o, [non-uniform
25 |Vibration; (Curved with bject and world (2 types of motion, 2 classes of slip); gzs;ﬁca;ls(;z OsfiSI:lzlcogfvl‘;o(réﬁzA % pressure profile.
[56] 31 [|PVDF; fingerprint ridges; |Objects/Conditions: 3 flat surfaces (different textures), 2 contact e uenZ bangd) gl 000}) ACCUracy usin Ridges may allow
NR [Transient Silicone rubber forces (~5.5 N and ~10 N); i gal cosl/lcrcnccg (mult(; le fin cyrs) & lincipient slip
IReference: Type of slip known. & P gers). ithout loss of
lgrasp stability.
Hemi-spherical;  |Test: Induce gross slip between object and sensor by slowly Shape encourages
40 |Displacement; IRubber skin and  [retracting sensor from a held object; . . . s non-uniform . . .
2621’ 40 |Camera on backside; internal pins over [Objects/Conditions: 4 objects with different curvatures; varying Classtﬁcatlon of slip condition: pressure profile. .Wlth current materials, thc skin S.t retch may ,b(.: .
] . . . X 9.88%. . linsufficient for deformation required for incipient slip.
NR [Transient igelatinous polymer [speed of slip onset; [[nternal pins may

blend

[Reference: Position of held object relative to sensor.

mplify slip signal.
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Incipient Slip Detection

Result of single test: slip generates

(70, 65 Ultrasonic vibration; [Hemi-spherical; Tes_t : Induce ETOSS slip between ObJ.CCt and sensor; acoustic emissions. Localization of Shape CTICOUTALES  Iy/ibration signal likely to be noisy during autonomous
65 |PVDF; ILatex rubber on  [Objects/Conditions: One planar object; L non-uniform .
98, 99] . e X source of emission presented but not lgripping.
15 [Transient silicone rubber IReference: None. alidated pressure profile.
(Centre of force Test: Induce gross slip between object and sensor;
20 (distribution; . . gro . p bet >0 . i . Qualitative result: Slip detected with [Unclear if this is incipient slip detection or gross slip
[Flat; (Objects/Conditions: Multiple objects (details not reported); . . . . e ..
[72] 20 |Force dependent . S . frequency analysis before detection earlier than potentiometer/joint position
. . [Rubber IReference: Potentiometer or robot joint position sensor to . o oo
NR [conductive rubber; . . . potentiometer/joint position sensor. sensor.
Transient monitor object displacement.
Normal and shear stress: Test: Induce gross slip between object and sensor; INN trained to output tangential
[74] NR PVDF: > [Flat; (Objects/Conditions: Multiple indenter shapes and sizes, multiple [force/friction force (dimensionless): INN must be trained on shapes/surfaces. Does not work
Persis t,cnt [Rubber lcontact positions and force angles, and two friction limit angles; |max error 0.222, mean error 0.047, S.D. for previously unseen surfaces.
IReference: Traditional ys measurement. .030.
Test: Induce gross slip between object and sensor; Qualitative result: Distribution pattern
. (Objects/Conditions: Flat object, us= 0.8 and 1.4; f the strain is similar to finite element
25 [Strain; T R v . . IShape encourages .
[75- . . Semi-cylindrical; |Reference: Finite element simulation. analysis. X Hardware is complex due to numerous
85 [Strain gauges; o n 1on-uniform P
77] 325 [Persistont Silicone Test: Grip force control; (Qualitative result: No gross slippage ressure profile sensors embedded in silicone rubber.
’ (Objects/Conditions: Flat object, s = 0.3 and 0.6; sull: No g Ppag P p ’
L. : . land no excessive normal force.
IReference: Finite element simulation.
Test: Induce gross slip between object and sensor; Result ofsmg!e tgst: [mpulse observed'
. . . . n second derivative of subtracted strain
(Objects/Conditions: Flat aluminum plate (us not specified); auee pair sienal. supposedly due to
20 [Strain; Semi-cylindrical ~ [Reference: None. ignci]gaie]r)lt slipg » SUPP y IShape encourages
[78] %0 Stram' 8aULeS; W.lth ridges; Test: Grasp force control — strategy unclear; Result of single lift: Object whose on-uniform .
NR (Transient Silicone X . ] . X - pressure profile.  [Hardware is complex due to numerous
(Objects/Conditions: Rectangular parallelepiped shaped object ~ weight and friction are unknown can be . P
. = _ . . Ridges may allow [sensors embedded in silicone rubber.
with s = 0.37, mass = 0.91 kg; lifted without the occurrence of gross |~ .=~ .
; . lincipient slip
Reference: None. slip. .
: Resull of sinalo tost: Sienals T without loss of
20 [Vibration; Semi-cylindrical ~ [Test: Induce gross slip between object and sensor; csult ol single test: Signals from one lgrasp stability.
o . " . trial presented.
[80] 90 [PVDF; with ridges; (Objects/Conditions: Aluminum plate; e . L
. - Qualitative result: Incipient slip signal
NR [Transient Silicone IReference: None. U .
- distinguishable from gripper movement.
Shear deformation: Test: Grip force control with slip margin target of 0.2 - load force ILimited to small deformations (i.e., small grip forces)
81] NR  |Camera on backsi d’e_ Flat; lapplied, then doubled; (Controller maintains target slip margin land curved elastic objects.
Persistent ’ Transparent acrylic |Objects/Conditions: Hemi-spherical object, us = 0.3 and 0.8; following a perturbation. [Eccentricity of contact area as a measure of deformation
IReference: None. lis unlikely to work in the presence of torque.
Qualitative result: slip occurs when no
IDisplacement; . - Tes{: Grip forcg cqntrol (prqpomonal controller) with Sh? ratio . grip force contrgl applied; with grip Shape encourages [Limited to small deformations (i.e., small grip forces).
. I[Hemi-spherical; ratio of area slipping to entire contact area) target of 0.7; force control, slip does not occur, but . o
[83] NR |Camera on backside; . . . L . . P non-uniform IGeneralization of contact area threshold may be an
Persistent [Elastic material (Object/Conditions: Flat; target slip ratio not maintained (most ressure profile bssuc
IReference: Comparison with and without control. likely due to proportional control P p ’ ’
strategy).
Shape encourages
non-uniform
50 |[Displacement; H?ml_Sphcncﬁil Test: Induce gross slip between object and sensor; Quallt? tive rc'sult: Changes in light pressure profile. S . .
. with concentric . . lintensity on ridges near the contact Ridges may allow [Uncontrolled lighting conditions may pose a detection
[85] 30 (Optic fiber; ridges; (Objects/Conditions: Flat; boundary occur before a change in forcefincipient sli roblem.
NR [Persistent £65; IReference: Force derivative to indicate slip. Y & P P P ’

Silicone rubber

lis observed.

without loss of
lgrasp security.

[Easy to miniaturize.
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Test: Object lift and replace;

INN trained with lift and replace

25 |Vibration; |Anthropomorphic Objects/Conditions: Two cups with different us (us not experiments. Durine testine. slip is
[(86] 45 |PVDF and strain gauges; ([fingertip; specified), five squares of timber with different weights (us not P . g & SUp 1S
. L . ’ detected 180 ms earlier than the vision
25 [Transient Silicone specified); Sh:
. o . L. system. ape encourages |y oo of PVDF and strai ; ith
[Reference: Vision system for monitoring object position. on-uniform utputs o and strain gauges are noisy, wi
the latt to drift.
Vibration: IAnthropomorphic Test: Grip force control; Qualitative result: Signals from one trial [pressure profile. ¢ fatterprone fo drt
(87] NR |PVDF ané strain caugcs:  [finge nip X ® Objects/Conditions: Cylindrical object made from plastic, (150 g object) presented. Pneumatic
Transient gauges; Siligc ong, containing water (150 g and 450 g, us not specified); pressure (grip strength) compared for 150
IReference: None. lg and 450 g object.
. [Independent
IDisplacement; glftt;ber with Test: Simulation with a primary coil and two secondary coils; [Results of simulation: Displacement can [contact points may
[88] NR [Inductors; rotrudine contact Objects/Conditions: N/A; be detected. llow incipient slip
Persistent points & IReference: Simulation. ithout loss of
P lgrasp stability.
Shape encourages
. . . . . . . lnon-uniform
IDisplacement; T ... |Test: Induce gross slip between object and sensor, and image [Results of single trial: Image tracking . .
[89] 130 IN/A; s;::h:ly rl;gd;l:al with tracking through transparent object; through transparent rigid plane shows aricf:lss:sr(;ﬁ(r:flc. i2ztirl;:rllctnsﬁtl(;z;z;{cﬁjicjzggf:& alone direction
Persistent P £05 Objects/Conditions: Transparent rigid plane; cascade of incipient slip of ridges before | 8¢ R P P Y . &
NR [Rubber . . - lincipient slip Inormal to the length of the ridges.
IReference: None. 1l ridges are slipping. .
ithout loss of
rasp stability.
Test: Induce gross slip between object and sensor, and image Results of single mal.: I'magc tracking
tracking through transparent object; (hrough transparent rlgld plang shows
. . Objects/Conditions: Transparent rigid plane; ,a.lscadc of incipient sl%p (localized .
NR [Displacement; IAnthropomorphic [Reference: Simulation displacements). Experimental results align|[Shape encourages Instrumentation not vet described
[90] NR [N/A; fingertip; ) i ith simulation results. non-uniform Y .
NR |Persistent [Polyurethane rubber Test: Obsect lift in simulation Results of single simulation: Grip force  [pressure profile.
Ob v /JC ditions: NR lincreases when ratio of slipping area to
Re}eel‘ce;cet‘)};\l /Xons. contact area < 0.5 and object is lifted
) ) safely.
Test: Induce gross slip between object and sensor;
Objects/Conditions: Indenters with different sizes and shapes [Shear field entropy of displacement of X Very long settling time to reach quasi-static state.
3 Flat: flat and cylindrical); ots increases as tangential load increases. {\datcr(lialfallowg Range of shear field entropy that indicates incipient
[91] 33 Elzts’tomcr ol with Reference: None. 1{(‘;”;; Oi;rcniat;:; slip differs for different shape indenters — unclear if
& Test: Grip force control, oo . [OWIng meip this is dependent on friction.
35 idots marked X . . . Qualitative result: Displacement field of ~ [slip without loss of .
Objects/Conditions: Multiple object (beer can, pen, key, . . Softness of elastomer may present problems with
S surface markers effectively represent lgrasp security. .
. spoon, USB flash drive); . - wear and require frequent replacement.
Displacement; Reference: None lcontact condition of sensor and object.
Camera on backside; : :
Persistent Shape (':Iflcouragcs
.. . . -00, non-uniform
35 Curved: Test: Object lift; Ir;cclg ;(;rslt;illg rzutﬁ(c::cs;fglclt}; S;é:smd in79% pressure profile.  [Issues of settling time and range of shear field entropy
[92] 35 Elastorr;er el with Objects/Conditions: 27 objects (varying size, shape, material, kuccessfully lified aan in 84% of cases Material allows not addressed.
g surface texture), various grip forces; Yy [ ? large deformation [Softness of elastomer may present problems with
35 dots marked here there was significant slip and grasp

IReference: Human visual observation of dots.

ifailed.

lallowing incipient
slip without loss of

lgrasp stability.

wear and require frequent replacement.
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Friction Measurement (on slip)

[Hemi-spherical

Test: Induce gross slip between object and sensor;

Objects/Conditions: Flat object covered with photocopy paper;

IReference: Accelerometer indicating relative movement of
bject/sensor.

Qualitative results: In most cases,
significant sensor output begins 40-100
ims before the platform has moved 1
Imm.

Shape encourages
[non-uniform

|Acceleration; ith nibs; _ i __ _ pressure profile.
[94] NR |Accelerometer; [Rubber skin [Test: Grip force control (decrease grip force and double load Q‘—"all'fa'fl\’c TC§Ult53 Response of gripper [Nibs may allow [Large signals present when gripper moving.
Transient surrounding rubber [force) to incipient slip presented, but no incipient slip
lfoam Objects/Conditions: Flat object covered in fine grain sandpaper, [validation of calculated friction, does  without loss of
2 N normal force; not compare to case of no control, does |orasp security.
IReference: Accelerometer and optical encoder indicating relative ot test multiple objects/frictions.
Imovement of object/sensor.
Shape encourages
[Normal stress rate; Semi-cylindrical pon-uniform
25 Piezoelectric pol ;ner ith Ilﬂi):s' Test: Induce gross slip between object and sensor; Results of single trial: Signals from two [pressure profile.  [Incipient slip signals are much smaller than signals
[96] 45 o poly o ? Objects/Conditions: flat object (material NR); f'the sensors begin to change 95 and  [Nibs may allow  [from contact events - slip detection during autonomous
strips; Silicone rubber on o . ! . . . I . | . .
25 . IReference: Linear potentiometer measures displacement. U7 ms earlier than relative motion. incipient slip manipulation difficult.
(Transient polyester foam .
without loss of
rasp security.
Shape encourages
. . . . Inon-uniform
. . Pillars with hemi- Test: ‘lnduce gross slip between'objlect and sensor and image pressure profile;  [[nstrumentation for measuring pillar displacement not
80 |Displacement; S tracking through transparent object; . .
) spherical tips and . o . i [Estimated us vs. actual us (measured  [[ndependently et described.
[97] 80 |N/A; - ... |Objects/Conditions: Transparent flat acrylic (3 frictions), 5, 7.5, | . L 2 : . . .
) different heights; ith traditional procedure): R° = 0.95. |moving pillars Current estimate of us dependent on contact with
15  |Persistent o 10, 12.5 and 15 N normal force; sr . X
Silicone . . lallow incipient slip [planar object.
IReference: Traditional measurement of us. .
without loss of
rasp security.
Friction Measurement (on contact)
\Vertical and horizontal Test: Normal contact; leference n ratio ofvern‘ceq to
37 . ; o . - - lhorizontal extension for friction and
strain; [Flat; Objects/Conditions: Multiple frictions, inclines, contact speeds, . . L
[100] 37 . . . negligible effect due to inclines contact [Long settling times (on the order of tens of seconds).
[Ultrasound; Silicone rubber shapes (flat and curved);
20 . . . speeds and shapes (except the effect on
Persistent IReference: N/A. L
settling time).
Second order relationship between the
20 [Shear strain; . L Test: Normal contact; strain and us could be approximated Shape encourages |[Limited range of us (< 0.5) severely limits usefulness.
(73 Semi-cylindrical; s PP P & 8¢ OL 4 Y
1 01’] 100 (Strain gauges; Siliconc}:] > |Objects/Conditions: T objects with us between 0.3 and 0.55; hich enables s to be estimated with  non-uniform Strain distribution curves for different us are not well
36.6 [Persistent IReference: Traditional measurement of . n accuracy of 0.1. Unsatisfactory pressure profile.  |separated, which will result in poor resolution.
repeatability for us > 0.5.
Measured vertical and lateral strains
1 \Vertical and lateral strain; Test: Normal contact; imatched simulation.
[102] 1 3 pairs of piezoresistive  [Flat; Objects/Conditions: Flat acrylic plate coated with talcum Qualitative result: Relationship between|
5 beams; [Elastomer powder, us=0.2, 0.4, 0.8 and 1.1; fractional resistance changes
Persistent [Reference: Simulation and traditional x5 measurement. corresponding to vertical and lateral
strains is dependent on us
150 Test: Normal contact; . More legs (at more . . .
[103] 40 ) Objects/Conditions: 5 flat surfaces with s = 0.08 — 0.5: Estlmatcd Hs V. actual us (r.ncgis_urcd angles) can be chL}lrcs baseline normal force to overcome restorative
IDisplacement; Flat; . . ith traditional procedure): R = 0.924 elastic forces on legs.
42.8 |~ . L IReference: Traditional measurement of xs. ladded for better X -
Contact switches; Rigid legs on L IRequires planar object to ensure angles between legs
2 Persistent lhinges est: Normal contact; . [Estimated x5 vs. actual us (measured quantlgatlon of s land object are known (may be solved with
[104] 51.2 Objects/Conditions: 9 flat surfaces with s = 0.13 — 0.76; . L ) ,_ IPotential for to .. S
. X o ith traditional procedure): R°=0.918 | . . =~ .° . Iminiaturization).
42.6 [Reference: Traditional measurement of us. Iminiaturization.
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contact, even when a large normal force is applied [78].

The two most promising incipient slip sensors reported to
date are the curved GelSight [92], and the PapillArray [97].
The dots on the soft elastomer of the GelSight sensor can
move somewhat independently, and the curved surface
encourages slip in some regions of the sensing surface more
than any other, as the pressure profile is not uniform.
Likewise, the pillars of the PapillArray sensor can move
independently, and their differing uncompressed heights mean
that shorter pillars are more likely to slip than taller pillars;
however, an instrumentation method has not yet been
proposed for measuring the displacement of the individual
pillars in order to be able to practically detect incipient slip in
real-time (this will appear in a future publication).

B. Instrumentation considerations

Technical requirements

In a sensor where many individual components move
independently, detecting which components have slipped and
which have not is a challenge and may require instrumentation
of each component. The sensors reviewed in this paper have
employed a number of different transduction techniques —
resistive, inductive, piezoelectric, and optical — for measuring
force and vibration and then analyzing these signals to
estimate friction or detect incipient slip. Rather than a limited
focus on forces and vibrations [105, 106], we suggest a focus
on measuring displacement or stretch of the sensing surface,
as this underpins measurement of friction on contact or
detecting incipient slip (although transient events such as
vibrations can help detect this too [107]).

Challenges and possible solutions

For measuring the displacements of many individual
components in close proximity, a small sensing field down to
the spacing of the individual components is required. A
number of transduction techniques would not be suitable as it
would be challenging to distinguish the source of the signal
[108]. For example, signals from vibration sensitive
transducers (e.g., PVDF film) are likely to be contaminated by
vibrations from neighboring components, as well as vibrations
due to gross movements of a gripper/arm in the context of
robotic gripping. In such cases, additional analysis or
decomposition of the vibration signal may be required to
determine the source of the vibration. An optical transduction
mechanism is more suitable, or alternatively, some electrical
property could be measured, as optical and electrical isolation
of individual sensing components are more easily achieved.

The goal of miniaturization must also be considered when
selecting an instrumentation modality. Reducing the number
of electrical components within the sensing area is desirable so
as to not add to the sensor size and allow better
manufacturability and access in the case of failing
components. For example, Khamis et al. use a lattice of
conductive rubber strips and solve an underdetermined inverse
problem to estimate surface deformation [109]. This reduces
the number of individual sensing elements and connecting
wires, and eliminates the need for electronics within the
sensing area. Optical instrumentation methods provide similar
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advantages in the context of slip sensors. Both the TacTip and
GelSight/GelSlim sensors use a camera to track the
displacement of pins or markers on the elastomer surface of
the sensor and hence detect gross slip [62] or incipient slip
[91-93]. The use of a camera, however, makes it challenging
to develop a compact design [93] such as required for a skin.
One solution is the incipient slip sensor proposed by William
et al. [85], which uses optical fibers to detect changes in light
intensity when a deformation occurs at the contact boundary
indicating incipient slip.

C. Sensor validation

It is important that incipient slip sensors and sensors that
measure us are properly validated. This involves comparing
the incipient slip detections and/or friction estimates of the
sensor to some external gold standard reference. Thus far, the
sensors discussed here have been validated by performing
gripping experiments that have focused on gripping objects
with varying surface curvature, e.g., an object with a
cylindrical or planar surface. However, progressing towards
real-world application will require more thorough and general
validation methods.

The performance of all the sensors reviewed here should be
validated against surfaces with different geometries (e.g.,
planar, cylindrical, spherical), textures, and under different
frictional conditions. This may prove particularly challenging
for sensors that transduce vibration, as it is likely that
vibration will be strongly dependent on some or all of these
features. Also, sensor performance should also be validated
against objects with hard surfaces as well as with surfaces that
are softer than the sensor surface [78]. This is particularly
important for grip security sensors made of a soft/deformable
material as this will undoubtedly affect the deformation of the
sensor surface and may limit the sensors sensing ability.

D. Considerations for use with grip-force control systems

Torque

A tactile sensor which measures aspects of grip security
(force, friction, slip, etc.) is part of a larger system containing
a gripper and gripper control system, as well as a robotic or
prosthetic arm governed by another control system. While it is
not necessary to measure contact forces to detect slip events,
monitoring the contact forces and torques is still required in
order to either estimate friction, or to indicate and monitor the
magnitude of grip force adjustment required to prevent further
incipient slip; the grip force must counter both tangential load
and torque which may arise when an object is gripped in a
location that does not pass through its center of mass. Thus
far, most studies of incipient slip have considered only linear
motions. An important future consideration is to also validate
these sensors under rotations, and it remains an open question
which existing sensors would function well in the presence of
torque.

Resetting sensor configuration

Finally, for incipient slip sensors, some consideration
needs to be made with respect to how these sensors are to
recover to their original configuration after incipient slip and
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grip force adjustment. In some cases, the components that
have already slipped will be unable to signal any future
incipient slip and therefore future function of the sensor may
be compromised and the sensor can no longer indicate
incipient slip across the entire sensor surface. This may mean
that once a grip force adjustment is made, any new incipient
slip must be treated much more conservatively, and a decision
may even be required to replace the object so that it can be
lifted again with the sensor in its original configuration.
Alternatively, a multi-fingered hand may be employed so that
one of the fingers/sensors can break and then remake contact
with the object in its original configuration while the other
fingers maintain the grasp. Slip detection that relies on
transient signals e.g., shear velocity, may be more robust to
pre-deformation of the sensor surface. As far as we are aware
no existing study has considered this, and yet it is clearly an
aspect of human touch as we are able feel slip no matter how
the fingertip is pre-deformed before slippage.

V. CONCLUSION

Tactile sensing is essential for improving robotic and
prosthetic gripping performance in unstructured environments.
Friction is a critical factor determining the grasp stability of
certain grip poses. Therefore, measuring friction, or friction-
dependent mechanical events such as gross and incipient slip,
is particularly important in the context of stable gripping.
Combined with measured contact forces and torques,
knowledge of friction enables a more precise estimation of the
minimum grip force required to securely grasp an object.

Measuring friction during an exploratory task before
attempting to grip an object, or measuring friction on contact,
is not practical as the friction may not be constant.
Furthermore, allowing gross slip to occur during a
manipulation task in order to measure friction means there is a
high risk of dropping the object. If friction measurement is
performed on contact, or following an incipient slip event,
then a controlled slip is required. Achieving this is dependent
on the geometry of the sensor surface and mechanical
properties of the sensor material. The optimal geometry allows
relatively independent movement so that part of the sensor
surface can slip while another part remains stuck to the object,
and it encourages slip in some parts more than others by
varying contact pressure/force across the sensor/gripping
surface.

Detecting incipient slip events with sensors remains a
challenge. During dexterous manipulation, humans seem to
use vibration and strain to sense incipient slip in the glabrous
skin on the fingers and palm. In robotic systems however, the
small vibrations due to the incipient slip events are often
masked by large vibrations caused by the motors and gross
movements in the system. The most promising methods of
instrumentation to date all rely on optics to measure
displacement on the sensor/gripping surface, however further
work is still required to develop a state-of-the art friction/grip
security sensor that functions comparably to the human hand.

In our view, dexterous object manipulation is a difficult
challenge, but the ultimate solution will undoubtedly involve a
confluence of state-of-the-art advancements in position- and
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force-feedback-controlled robotics, machine vision,
multimodal sensor fusion, artificial intelligence, and of course,
tactile sensing. The authors strongly believe that future
developments of tactile sensors which sense friction or can
reliably sense incipient slip, inspired by the human finger, will
propel the functionality of tactile sensing to a point where
dexterous object manipulation on par with human performance
becomes a feasible prospect. We hope that the articles
compiled in this review, and the recommendations proposed,
will help us reach this goal.
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