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Abstract

The robotic with integrated tactile sensors can accurately perceive contact force, pressure, vibration, temperature
and other tactile stimuli. Flexible tactile sensing technologies have been widely utilized in intelligent robotics for
stable grasping, dexterous manipulation, object recognition and human-machine interaction. This review presents
promising flexible tactile sensing technologies and their potential applications in robotics. The significance of
robotic sensing and tactile sensing performance requirements are first described. The commonly used six types of
sensing mechanisms of tactile sensors are briefly illustrated, followed by the progress of novel structural design
and performance characteristics of several promising tactile sensors, such as highly sensitive pressure and tri-axis
force sensor, flexible distributed sensor array, and multi-modal tactile sensor. Then, the applications of using tactile
sensors in robotics such as object properties recognition, grasping and manipulation, and human-machine
interactions are thoroughly discussed. Finally, the challenges and future prospects of robotic tactile sensing
technologies are discussed. In summary, this review will be conducive to the novel design of flexible tactile sensors
and is a heuristic for developing the next generation of intelligent robotics with advanced tactile sensing functions
in the future.
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INTRODUCTION

Haptic perception is one of the essential sensations for human beings to collect ambient information"’; it
can distinguish multiple sensory stimuli through mechanoreceptors and thermoreceptors, and helps
humans to improve grasping stability, recognize object properties and interact with the surrounding
environment"”. Haptic sensing has also been applied in robotics. Traditional robotic sensing using vision or
audio devices can detect environment information, while it is difficult to extract detailed features of target
objects through contactless measurement””. Robotics with the capacity of tactile sensing can accurately
detect external force, vibration, temperature, and other contact stimuli. Therefore, tactile sensing
technologies have been widely utilized in intelligent robotics for stable grasping"), dexterous
manipulation', object properties recognition”, and human-machine interaction".

Tactile sensor is the key device to convey contact stimuli into processable signals based on different sensing
mechanisms, such as piezoresistive, capacitive, piezoelectric, triboelectric, magnetic, and optical sensing'”.
To imitate the somatosensory of human beings, robotics may require numerous sensors integrated with
their bodies, and it is desirable for tactile sensors to simultaneously measure multi-modal signals. Thus,
several types of promising tactile sensors, such as tri-axis force sensors"”, large-scale flexible sensing
arrays"", and multi-modal sensors"?, have been widely used in robotics for tactile perception. To satisfy the
requirement of intelligent robotics, researchers have been pursuing high-performance tactile sensors by
l. Development of flexible tactile
sensors with high sensitivity, wide detection range, fast dynamic response, and desirable repeatability

[14,15

studying highly sensitive materials"” and novel structural designs

remains the fundamental requirement for robotic tactile perception.

With the usage of tactile sensors and advanced interactive technology, robotics can work in unpredictable
and changeable spaces rather than structured environments such as production lines". It is of great
significance for robotics with tactile perception to perform complicated tasks and interact with external
objects, especially human beings. Before conducting specific tasks, robotics are required to explore the
object’s properties, such as shape, material, texture, etc."”. When extracting surface properties, tactile
sensors show significant advantages over traditional vision and audio devices, and they can also measure the
object global or even internal properties. Besides, in robotic grasping and dexterous operation tasks,
grasping stability need to be carefully considered. Actually, robotics is more desired to perform interactive
tasks with human beings. Based on interaction level, human-machine interactions (HMIs) can be classified
into human beings’ parameters measuring”, input interface for robotic controlling"”, and close-looped
duplex interaction with sufficient feedback'®.

This study provides an overview of the latest progress of tactile sensing technologies and their applications
in intelligent robotics, as shown in Figure 1. Section “REQUIREMENTS OF TACTILE SENSING IN
ROBOTICS” summarizes the significance and requirements of tactile sensors in robotic applications.
Section “PROGRESS OF FLEXIBLE TACTILE SENSORS FOR ROBOTICS” discusses the working principle
as well as the characteristics of several promising tactile sensors. Then, Section “APPLIED TACTILE
SENSORS IN ROBOTIC APPLICATIONS” discussed tactile sensing technologies, especially data
processing methods and their applications. Finally, Section “SUMMARY AND FUTURE PROSPECTS”
summarized the challenges and prospects of robotic tactile sensing technologies.



Jin et al. Soft Sci 2023;3:8 | https://dx.doi.org/10.20517/ss.2022.34 Page 3 of 26

‘%

%

Tactile Sensin;
Technology
Tactile

—!\\.~ h a

Data Prom:ﬂig

Tactile Sensors

Figure 1. Overview of tactile sensing used in robotics.

REQUIREMENTS OF TACTILE SENSING IN ROBOTICS

Robotics are generally worked in a structured environment where the ambient parameters are describable
and predictable. With the development of automatic and intelligent devices, it is necessary for robotics to
interact with target objects and adjust to suit the varying environment"". Tactile sensors can measure the
contact stimuli and provide a detailed demonstration of the ambient environment, which assists the
robotics in working efficiently in many scenarios, such as domiciliary service™, rehabilitation therapy™,
industrial production, and even underwater exploration™. Robotics with tactile sensing abilities can
mainly conduct three types of tasks: information exploration, movement manipulation, and human-
machine interactions (HMIs). To extract tactile features of objects, robotics is usually required to contact
the target objects and perform exploration actions such as pressing, grasping, sliding, and pulling**. Robotic
movement manipulation aims to complete a specific movement trajectory and manipulation tasks based on
the exploration results, which are usually completed by robotic grasping. Combining the former two tasks,
HMIs require robotics to gather commands or information from human beings and perform immediate
feedback. All these tasks require robotics to integrate with high-performance tactile sensing devices.

As the critical device for robotic haptic sensing, tactile sensors are required to have certain functional
characteristics according to specific robotic tasks and applications. Contact force sensing is one of the most
intuitive tactile information, and it is essential for a robot to measure external force and pressure to
conduct manipulation or interactive tasks. Recently, it has been promising to develop tri-axis force sensors
that can detect both normal and shear forces simultaneously, which can be applied in interactive robotic
missions like sliding detection, frictional coefficient measurement, and smart input devices***”. In addition
to force sensing, it is desirable for robots to detect other tactile stimuli, including strain, temperature,
humidity, and proximity”. Multimodal tactile sensors can provide robotics with a more distinct illustration
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of the ambient environment, and using data fusion technology can extract additional features, which can
improve the accuracy of interactive tasks, especially object recognition. Except for the sensing modality,
the amount and arrangement of tactile sensors should also be carefully considered. Tactile sensors with one
sensing unit for single-point sensing may no longer be desirable for the increasing demand of intelligent
robotics, which calls for significant requirements of the distributed tactile sensor array. The high spatial

[30]

resolution arrays would be suitable for subtle stimuli perception similar to human somatosensory"”, and a

large area tactile sensor array can cover almost the entire body of robotics to act as electronic skin®".

To obtain accurate information from objects and the ambient environment, the sensing performance of
tactile sensors needs to be carefully designed according to specific applications. Since different robotic
operation tasks may have different performance requirements, it is not very meaningful to summarize a
general performance target'”. For instance, tactile sensors mainly exploring environment conditions and
object properties are generally required to have a wide sensing range, high stability, and quick dynamic
response, which would be more suitable for diverse applications"”. For daily manipulation, the grasping
force is generally less than 10 N*” and no higher than 30 N, and the response time is preferably less than
1 ms"” to keep up with the controlling and actuating systems. Further, tactile sensors used for robotic HMIs
are required to have sensing performance similar to that of human somatosensory””, such as the force
detection range (0.01-100 kPa), temperature detection range (20-50 °C)"*, and space resolution (1 mm for
fingertips, 5 mm for palms, etc.)"”, which assists the development of human-machine cooperative systems.
With advanced signal processing algorithms and data training models, tactile sensors could well conduct
complicated interaction tasks without high-level performance®. Table 1 compares the performances and
robotic applications of several novel tactile sensors and commercially available products. We can see that
parts of the performance indexes of some tactile sensors have reached the ideal or even far beyond the
human perception level. However, the sensors with excellent performances that are suitable for industrial
production are still under research.

PROGRESS OF FLEXIBLE TACTILE SENSORS FOR ROBOTICS

Tactile sensing principles

Tactile sensors can transmit mechanical stimuli into electrical signals, which can be further analyzed by the
microprocessor in robotics for feature extraction. Contact force and pressure are generally considered the
most intuitive tactile information, which needs to be accurately detected during robotic grasping and
manipulation applications™'. Typically, there are mainly six sensing principles for the commonly designed
tactile force sensors, as shown in Figure 2. Among numerous tactile force sensors, piezoresistive, capacitive,
piezoelectric, and triboelectric sensors have been intensively studied and utilized***”. The piezoresistive-
based tactile sensor can measure the force changes based on the resistance variation caused by sensing
elements’ deformation””, tunneling effects'™, or contact principle'®. The capacitive-based tactile sensor can
be simplified as a parallel-plate capacitor, which detects forces by the changes of parallel-plate distance'*’! or
overlapping area”. Both piezoresistive-based and capacitive-based sensors have simple structural designs
and readout circuits, and the scalability of sensitivity and detection range makes them suitable for multiple

14,63

robotic scenarios, from dexterous manipulation to collision detection**”). Piezoelectric and triboelectric-
based tactile sensors have been receiving widespread attention due to their outstanding ability of self-
powering and dynamic force sensing*”. The piezoelectric sensor generates mutually exclusive charges when
piezoelectric sensing elements are subjected to external force!®, while the triboelectric sensor can measure

voltage induced by surface contact of materials with different triboelectric polarities'™”.

Several other types of tactile sensors have been reported in the past decade. The magnetic tactile sensor can

measure the force and strain based on Hall effects'*”, giant magneto-resistance (GMR) effects'*”, or
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Table 1. Sensing performances and robotic applications of several novel tactile sensors and commercially available products
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Time Sensor characteristics Sensing principle  Sensitivity Detection range Response time/frequency Cyclic stability Applications
2002 TactArray Capacitive - 0.01-552 MPa -- -- Attendant care for the elderly (2009)°°!
(Pressure Profile Systems)BS]
2004 OFET tactile sensor™” Piezoresistive -- 30 kPa -- 2,000 Tactile map
2008 BioTac Piezoresistive (F) - 50 N (F) 1,040 Hz (F) - Texture discrimination (2012)%”
(SynTouch)BSJ Thermal-resistive (T) 75°C(T) 22.6 Hz (T) Tool manipulation Qo1g)!
Hydroacoustic (V) +0.76 kPa (V) 10-1,040 Hz (V)
2009 Gelsight Visual-tactile -6.67 N/mm (Fn) 0.05-5 N (Fn) - - Pose estimation (2014)"*
(Gelsight)[m ~6.33 N/mm (Fs) 0.05-2.5N (Fs) Hardness sensing 017
2010 Micro-pyramid sensor™*¥! Capacitive 0.55kPa™ 0.003-35 kPa ~500 ms 10,000 Insect sensing
2011 Optoforce Optical ~20 N/mm (Fn) 40 N (Fn) -- -- Object center of mass estimation (2017)"¢’
(OnRobot)™*”! -6.67 N/mm (Fs) +10 N (Fs)
2011 Epidermal electronics™”! Piezoresistive (EP,S) GF=13(S) 10% (S) -- 1,000 Human electrical signal measurement
Thermal-resistive (T) ~0.55Q/°C (T) 120 °C (T)
2012 TakkTile Barometric 1382.2 counts/N 44N (10 mm) 16 ms >1,000 Grasping force comparison (2018)”
(RightHand Robotics)™®! (4 mm)
2013 Triboelectric sensor™” Triboelectric 0.31kPa’ 0.002-125kPa  <5ms 30,000 Tactile map
2014 Multi-modal electronic skin®™" Piezoresistive (F, S) 0.41% kPa™ (F, ST) 200 kPa (F, S1) -- -- Prosthetic skin and nervous interface
Thermal-resistive (T) ~3.3 mV/°C (T, S6) 30% (S, S6)
Capacitive (H) 0.08%/% (H) 25-55°C (T)
10%-60% RH (H)
2018 Hierarchically pattern e-skin®” Capacitive 0.19+0.07kPa" (Fn) 0.5-100 kPa ~224 ms 30,000 Robotic force control
3.0+0.5Pa" (Fs)
2019 Tactile glove[34] Piezoresistive -- 0.03-0.5N -- 1,000 Human grasping signatures recognition
2019  1Z0-based multi-modal sensor™”  Piezoresistive GF=2M+013(5)  30% (S) 34.7 us (FET) 2,000 (FET) Human-machine interaction
a=-5% (T) 28.5-45°C (T)
2020 Quadruple tactile sensors'®”! Thermal-resistive M7 mV/kPa (F) 80 kPa (F) 400 ms 500 Garbage sorting
0.0017 °C” (To) 25-55°C (T)
0.0016 °C” (Te)
2021 Magnetic high-resolution sensor™”" Magnetic 0.01kPa™ (Fn) 120 kPa (Fn) 15 ms 30,000 Robotic hand grasping
0.1kPa™ (Fs) 16 kPa (Fs)
0.27 kPa™ (Fs)
2022 Physicochemical sensor™™ Piezoresistive (F) ~0.54 A/kPa (F) 0.1kPa (F) -- 1,000 Robotic hand control and feedback
Thermal-resistive (T) ~-0.001°C” (T) 25-45°C (T)

F: Force; Fn: normal force; Fs: shear force; T: temperature; To: object temperature; Te: environment temperature; S: strain; GF: gauge factor; V: vibration; H: humidity; RH: relative humidity; EP: electrophysiological;
FET: field effect transistor.
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Figure 2. Schematic illustrations of tactile sensing principles: (A) Piezoresistive; (B) capacitive; (C) piezoelectric; (D) triboelectric; (E)
magnetic; (F) optical.

electromagnetic induction principle'”. This type of sensor is highly sensitive to mechanical stimuli, and it is
also competitive for a magnetic sensor to measure tri-axis force in one unit'*’. The optical sensor detects the
force-induced changes of light intensity or wavelength based on intensity modulation” and fiber Bragg
grating (FBG) technology"", which is immune to electromagnetic interference, and light signals have linear
responses and high spatial resolution. Besides, other sensing mechanisms including ultrasonic”, ionic'””,
and barometric"** have also been reported for the design of tactile sensors.

Pressure and tri-axis force sensor

Force and pressure sensing can be considered the most significant capacity for tactile sensors in robotics.
Many object properties including rigidity, weight, and shape can be extracted by analyzing the pressure
signals, and it also gives intuitional tactile feedback for manipulation tasks and human-machine cooperative
missions. Numerous advanced materials have been applied to tactile sensors to improve flexibility"*”*. For
the sensor substrate, materials like non-elastic polymer films (PET, PI, PEN, etc.), chemically cross-linked
elastomers (PDMS, Ecoflex, etc.), physically cross-linked elastomers (SBS, TPU, etc.), and some artificial or
natural substrates (fabric, paper, cellulose, efc.) have been reported. For the conductive materials, we can use
metallic-based composites (Au, Ag, Copper, etc.), carbon-based composites (Graphene, CNTs, CBs, etc.),
liquid metals (Galinstan, EGaln, etc.), conductive polymers (PEDOT: PSS, PPy, etc.), ionic hydrogels
(alginate-, PVA-, gelatin-, efc.), and some other emerging materials (MXenes, efc.). In addition, researchers
also make significant progress on the structure design of tactile sensors.

Structural design of the tactile sensor is critical to improving its sensing performance for pressure detection.
Since transistors can efficiently amplify electric signals and reduce crosstalk”, combining the tactile sensing
elements with large-scale transistor arrays is attractive for the design of tactile sensors. Figure 3A shows the
structure of pressure-sensitive units connected with the electrodes of transistors”, and some other sensors
also directly fabricated the transistor arrays with force-sensitive materials””. However, manufacturing of
laminated structures is complicated, and sometimes the transistor elements are rigid. Another commonly
used structure for pressure sensing is the laminated structure with the dielectric or sensitive layers
sandwiched by two electrodes [Figure 3B]". This structure generally has a simple fabrication process with
multiple sensing mechanisms and high flexibility, which is more suitable for large-scale pressure sensor
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Figure 3. Structural design of pressure sensors: (A) resistive tactile sensor connected with the electrode of transistors (reproduced with
permission'’®. Copyright 2013, Springer Nature); (B) capacitive laminated pressure sensors with Ecoflex dielectric and carbon nanotube
electrodes (reproduced with permission”’®. Copyright 2011, Springer Nature); (C) PDMS with micro-pillars used in pressure sensitive
OFET and its sensitivity response curves (reproduced with permission'*”. Copyright 2010, Springer Nature); (D) fully elastomeric
pressure sensor with fingerprint-shaped sensitive material and interlocked sawtooth structure (reproduced with permission[ggj.
Copyright 2020, American Chemical Society).

arrays with high compliance for curved surfaces”. However, both the sensing performances of the
transistor-related or sandwiched structure are limited by the intrinsic properties of sensitive materials. To
improve the sensing performance, the sensitive layer or electrodes are decorated with microstructures
[Figure 3C"*] including pyramid™, hemisphere[*‘”, cylinder™, wrinkled line™, micro pore®™ and the
interlocked or combination of these structures®. The microstructure usage can dramatically improve the
performance parameters, especially sensitivity, and it enriches the scalability of the pressure sensor to be
applied in different scenarios since the micropatterned structure can be easily adjusted. In addition,
pressure-sensing structures based on specific sensing mechanisms, especially magnetics™’ or optics™™, have
also been reported, and others are inspired by structures such as interlocked sawtooth[Figure 3D]* or
fabric networks™".

Actually, pressure and normal force sensing are far less to meet the requirements for most robotic tasks.
Without shear force and force direction information, robots can hardly extract surface texture, especially
friction coefficient and roughness™’, and it is relatively difficult to achieve stable grasping during complex
and dexterous manipulation or movement. Thus, researchers have been working on the structural design of
force direction or tri-axis force sensors. Among them, the combination of four elements distributed in an
array is the most commonly utilized structure for tri-axis force sensing, and several transduction
mechanisms have been reported using this structure”**. By simultaneously analyzing the signal differences
between the sensing elements, an arbitrary force can be decoupled into the components of Fx, Fy, and Fz
[Figure 4A]"". However, sometimes, the directional resolution of shear force sensing could be more
satisfactory, and its measuring circuit is complex due to multiple leading wires in one combined unit.
Additionally, some works focus on the synthetic analysis of tactile maps constructed from multiple sensing
units””, which can intuitively detect the force direction through advanced algorithms, as in Figure 4B"*”.

Other structure designs for tri-axis force or force direction sensors have also been reported, such as the
distributed structure combining three elements [Figure 4C]"”, eight elements in a circle with liquid metal
rolling around"”, the overlay of multiple elements sensitive to force in different axis"*”, and so on.
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Figure 4. Structure of tactile sensor for tri-axis force and pressure direction sense: (A) porous dielectric elastomer-based sensor with
four capacitive units for tri-axis force detecting, the arbitrary force can be decoupled into the components of Fx,Fy, and Fz (reproduced
with permission"®. Copyright 2021, Royal Society of Chemistry); (B) hierarchically patterned e-skin to detect the direction of pressure
by analyzing tactile maps from multiple sensing elements (reproduced with permission'®?. Copyright 2018, The American Association
for the Advancement of Science); (C) flexible piezoresistive tactile sensor based on interlocked hemisphere structure for tri-axis force
sensing (reproduced with permission®”. Copyright 2021, Elsevier).

0%

Distributed tactile sensor array

In most cases, single-point tactile sensors can only provide limited detected information about the ambient
environment. It is necessary for robotics to equip large-scale and multi-point electronic skins (E-skins)
distributed all over the body for intelligent applications”. For grasping manipulators, a tactile sensor array
with high spatial resolution is urgently required to capture tiny stimuli and conduct dexterous interaction
tasks. A flexible distributed sensor array generally has good structure scalability, making it more suitable for
applications such as large-scale and high spatial resolution scenarios. Besides, multi-point detection may
generate much tactile data, which can improve signal acquisition efficiency and provide cross-validation
between different sensing elements to improve the signal-to-noise ratio”’. Combined with advanced
machine learning (ML) algorithms, data collected through a tactile sensor array can also enhance the
system’s ability to extract high-dimensional features"™. Flexible distributed sensor array has been widely
applied in robotic electronic skins, object shape detection, grasping gesture recognition, efc.!"".

Due to the advancement of soft sensing materials and fabrication technology, researchers have proposed
several types of flexible sensor arrays for the consideration of robotic body wearing. The tactile matrix-based
sensor with well-organized electrodes and sensitive elements printed or deposited on a flexible substrate is
one of the most commonly used array structures, as shown in Figure 5A""". High spatial resolution tactile
imaging can be achieved by micro micromanufacturing!”” or advanced algorithms"”.. It can be well
wrapped on the finger or arm of the robotic manipulator, but its flexibility is limited when placed on an
undevelopable surface. Discarding the non-stretchable substrate, some researchers connected sensitive
elements with filamentary serpentine nanoribbons [Figure 5B]"" or waveform nano-membranes"*, which
renders the tactile sensor array to be mounted onto complicated surfaces. In addition, robotic skin networks
in combination with multiple sensitive cells have also been reported in Figure 5C*”. Since the sensitive
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Figure 5. Distributed tactile sensor array: (A) parallel nanowire-based pressure array on a flexible substrate (reproduced with
permission“OH Copyright 2010 Springer Nature); (B) flexible sensing elements connected with filamentary serpentine nanoribbons
(reproduced with permission'*”. Copyright 2011, The American Association for the Advancement of Science); (C) module design of
tactile patches, which can be connected and adhere on robotic body (reproduced with permission™®®. Copyright under a Creative
Commons License); (D) tactile textiles with multiple sensing elements knitting into a flexible fiber that can be covered on robotic arm
(reproduced with permission®”’. Copyright 2021, Springer Nature).

patches can be easily connected and replaced, the module design approach would be convenient for
operation and maintenance. Researchers also make significant processes in conformal adhesion using
kirigami methods"*! or fractal theory"*.. Besides, tactile textiles with sensitive elements knitted into flexible
fiber [Figure 5D]"" also show great advantages in large-scale tactile sensing on arbitrary 3D geometries.
With ML algorithms, it can recognize grasping gestures or manipulation movements"*.

Multi-modal tactile sensor

In addition to force or pressure sensing, it is necessary for robots to detect other tactile stimuli such as
strain, vibration, temperature, humidity, and proximity"*, which can provide a more distinct illustration of
the characteristics of the surrounding objects and environment. Among these stimuli, thermal parameters
can not only provide clinical information for a variety of diseases but also improve the object recognition
rate by calculating thermal conductivity, which assists robotics in establishing a perception capacity similar
to human beings"”. Compared with single-mode measurement, multi-modal tactile sensors can detect
multiple tactile information simultaneously, which is far more efficient in tactile signal collecting. Besides,
technologies of multi-data fusion"” can help to extract additional features by high-dimensional analysis. It
can increase the success ratio of object recognition in robotic applications”, and promote emotional
communication between humans and robots. However, the structure of multi-modal tactile sensors is
sometimes complicated, and it is still challenging to accurately extract multi-modal tactile stimuli without
crosstalking. According to the structural design, multi-modal tactile sensors can be classified into three
categories: centralized, distributed, and hybrid.
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Centralized sensors: Centralized sensors can use one sensing unit to distinguish multi-modal
information"”""". As shown in Figure 6A, You et al. presented an ionic receptor with a simple electrode-
electrolyte-electrode structure"". Through the ion relaxation dynamics analysis, temperature and strain can
be simultaneously detected without signal interference. Some similar works differentiate mechanical stimuli
such as pressure, bending, shearing, or stretching by analyzing the characteristics of the signals"'>'"*. Other
centralized sensors collect mutually independent signals from different measuring elements stacked
together!""*""?. Seok et al. developed a four-layer multifunctional sensor capable of simultaneous sensing of
temperature, pressure, and proximity, and the outputs of each element are measured independently, as
shown in Figure 6B""". The centralized sensors are generally used in single-point sensing for dexterous
manipulation and grasping due to their compact structure. But advanced decoupling algorithms need to be
considered to overcome the effects of signal crosstalk'”..

Distributed sensors: Distributed sensors utilize the planar sensing array to form a multi-modal
measurement network. In general, the sensing units are designed with different structures to measure
various tactile stimuli respectively"®. Figure 6C illustrates the distributed multi-modal sensor array
reported by Harada et al., in which the sensing elements of strain and temperature are distributed in
different areas and work independently"*. Besides, elements with identical structures are usually assembled
to decouple normal and shear forces'®*’. In contrast to the centralized one, the distributed multi-modal
sensors are more suitable for electronic skins, which can cover the entire robotic body to create large-area
interaction networks. The crosstalk is reduced due to the intrinsic isolated arrangement of sensing elements,
while it is necessary to apply a high-frequency signal acquisition circuit to cope with abundant sensing
units.

Hybrid sensors: Hybrid sensor combines the stacked structure and distributed arrays to measure multi-
modal tactile signals*). Kim et al. developed an ultrathin strain, pressure, and temperature sensing array
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overlaid with another layer of humidity sensors, which achieves excellent performance in intelligent
prostheses and peripheral nervous system interface”. Hua et al. presented a highly stretchable electronic
skin matrix combined with a stacked and distributed layout, which can measure outside stimuli of seven
types [Figure 6D]"**. Hybrid sensors are an extension of centralized and distributed multi-modal sensors,
and both the signal crosstalk and abundant data acquirement should be carefully considered. In the future,
it is an essential topic for multi-modal sensors to achieve more tactile information with low interference in
limited space.

APPLIED TACTILE SENSORS IN ROBOTIC APPLICATIONS

Recognition of object properties

Exploring object properties is one of the most significant tasks for robotics. It is necessary for robots to
gather information on the interacted objects, which can not only provide a clear view of the surrounding
environment but also assist decision-making in high-level tasks such as manipulation controlling or
human-machine interaction"”. For the past two decades, image or acoustic features obtained by vision or
audio devices have been widely used in robotic object recognition*”. However, the light and sound may be
obstructed and fluctuate during manipulation, and it is difficult to extract tactile features without
contacting the target object. Figure 7A shows a robotic hand detecting object properties with tactile sensors.
As for the complement of vision and audio information, tactile features can significantly enrich the
description of the object characteristics, which can be commonly divided into three categories: external local
properties, global properties, and internal properties. This section summarizes the principle and advanced
algorithms to extract object properties in recent years, and Table 2 summarizes the processing methods and
practical applications of some relative works.

External local properties recognition

External local properties can directly describe the characteristics of the contacted region between the tactile
sensor and the target object, which can hardly be measured by vision and audio sensors. Specifically, if the
object is entirely homogeneous or its size is less than a sensing unit, the local properties can be similarly
equivalent to global properties. Figure 7B illustrates the commonly used exploring actions and response
signals to detect external properties including surface texture, stiffness, thermal conductivity, and the
attached chemical substance.

Surface texture mainly represents the object superficial characteristics, such as roughness, friction
coefficient, and micromorphology structures”, and it has been used in sliding monitoring, textile
recognition, or even Braille reading"**'*>'*l. In general, tactile sensors measuring dynamic force and
vibration are used to slide alongside the object contour, and texture features can be extracted by frequency
spectrum analysis. After that, researchers can classify texture categories with advanced machine learning
methods such as support vector machine (SVM), Bayes exploration, or long short term memory
(LSTM)'>1#1, Besides, tri-axis force sensors can estimate the surface friction coefficient®”, and tactile-visual-
based sensors are able to extract the surface micro-structure patterns*”. Stiffness (or hardness, elasticity) is
one of the most significant properties for estimating the mechanical impedance of the object. It can help
robots to adjust grasping force and prevent destruction to the interacted target"*”, and some can even assist
interaction activities, as seen in health monitoring"*”. For precise value measurement, it is commonly
extracted through the comprehensive analysis of force and deformation signals by static pressing*”. For
object classification, some use advanced algorithms such as k-Nearest Neighbor (k-NN), LSTM, and so

[43,126]

on .
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Table 2. Tactile sensors for object properties recognition

Object properties Processing methods Practical applications References
Surface texture FFT, bayesian exploration Materials classification [39]
DSWT Surface recognition [124]
Slide monitoring
STAM Textile classification [125]
LSTM Textile classification [66]
Braille reading
Stiffness k-NN, DTW Object recognition [126]
LSTM, RNN [43]
Variation of the hertz model Health monitoring [127]
Thermal conductivity ANN Materials classification [128]
AC method Chronic wound management [129]
CTD feedback circuit Garbage sorting [29]
Chemical substance LPF Sweat analysis [130]
NN Practical surgical compensation [131]
LPF Human hand proximity [132]
Inertial parameters Cross-correlation analysis Object recognition [46]
CoM line calculation Grasping pose adjustment [133]
FNN Grasping position choosing [134]
Shape GP Object shape reconstruction [135]
SVM Object recognition [136]
iCLAP [137]
k-NN [9o1]
Pose TIQF Object pose estimation [138]
CNN [139]
CNN Manipulation positioning [140]
Internal properties Sparse GPs Liquid viscosity estimation [141]
GPIOIS Inner-outer shapes estimation [142]

FFT: Fast fourier transform; DSWT: discrete sequence wavelet transform; STAM: spatio-temporal attention model; LSTM: long short term
memory; k-NN: k nearest neighbors; DTW: dynamic time warping; RNN: long short term memory; ANN: artificial neural network; AC: alternating
curret; CTD: constant temperature difference; LPF: low-pass filter; CoM: center-of-mass; FNN: feedforward neural network; GPs: gaussian
processes; SVM: support vector machine; iCLAP: iterative closest labeled point; TIQF: translation-invariant quaternion filter; CNN: convolutional
neural network; GPIOIS: gaussian process inner-outer implicit surface model.

In addition to mechanical tactile sensing, thermal or chemical perception is also significant for robotic
manipulation, and promising applications such as object recognition"* and health monitoring*” have been
reported. Temperature can be considered another significant parameter when monitoring tactile behavior,
which makes robotic tactile sensing more similar to human beings. Principles such as resistivity, Seebeck
effect, pyroelectricity, and thermochromism have been widely applied in temperature sensing™'"*.
Furthermore, object thermal conductivity detection relies on monitoring time-varying heat flow, which
combines the temperature sensor with the heat source™. Other external local properties such as humidity,
gas concentration, or liquid component describe superficial or ambient characteristics of the objects"*”. In
most cases, these properties can be measured directly or extracted after noise elimination processing such as
Low-Pass Filter (LPF)"*". Popular applications such as scenarios like health monitoring"*", baby care®", and
human proximity detection"*” have been reported.

Global properties recognition
Global properties can describe the object holistic parameters regardless of partial or superficial
characteristics. In most cases, vision device shows excellent advantages in global properties sensing, but
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Figure 7. The principle of robotic object properties recognition: (A) robotic hand with tactile sensors to grasp object; (B) detect object
external local properties including surface texture, stiffness, thermal conductivity, and chemical substance; (C) detect object global
properties such as weight, position of centroid, shape, and pose; (D) detect object internal properties.

tactile methods can serve as an effective complement when operated in dimly lit or occluded environments.
Besides, the fusion of vision and tactile methods can significantly increase the precision rate in object
recognition?. Figure 7C illustrates the tactile exploring actions and signals to detect some global properties
such as inertial parameters, shape, and pose.

Inertial parameters play an important role in robotic manipulation since accurate measurement of weight
serves as an auxiliary estimation for force control, and grasping at the center of mass (CoM) prevents large
torque applied to the manipulator*’. Most researchers lift the target objects using the manipulator with 6D
force and torque sensors, and methods such as Cross-correlation analysis*” and feedforward neural
network (FNN)"** are used to estimate inertial parameters. Besides, CoM measurement is more accurate
when combining the tactile signal with a priori estimation from the visual patterns'*.

Shape and pose provide a most intuitive impression of the interactive target, and they are traditionally
detected by visual devices in most cases. A more complete description of the objects can significantly
improve the robotic manipulation stability and controllability. For haptic shape perception, large-scale force
arrays are always used in the grasping manipulators to generate tactile images, which can be further
processed with advanced algorithms such as k-NN"", SVM"*, and so on. Combing with vision image or
kinaesthetic data, particularly joint angle, a space cloud point of the object can be further fitted using
methods such as interactive closest labeled point (iCLAP)"*), Gaussian process (GP)"*! et al. For pose
sensing, a more accurate estimation of object poses contributes to stable robotic manipulation. Since the

137

action of touch is intrusive to cause rotation and translation of the object, sometimes proximity sensors are
utilized to capture pose parameters™. It gives a more accurate pose estimation when combining vision and
tactile data using algorithms including translation invariant quaternion filter (TIQF)"*® or convolutional
neural network (CNN)"™). Besides, vision-tactile devices, especially Gelsight, using advanced image
processing methods have advantages in the shape and pose sensing of small objects'*”..

138]
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Internal properties recognition

Internal properties describe the object inner parameters, which provide a more complete view of the
anisotropic target [Figure 7D]. Traditionally, internal damage such as micro holes or cracks can be detected
through acoustic and infrared devices, the principles of which are always based on excitation and echo
signals”™. Most haptic devices aim to extract object external properties, and robotic tactile sensors for
internal properties measurement are less reported. Before then, researchers measured the liquid content by
shaking or rolling the container, and the vibration or multi-axis force signals were further processed
through GP"* or high pass filter (HPF)"*. Others differentiated the inner-outer shape of the objects

covered with soft materials with visual and tactile data!*!.

Robotic grasping and manipulation

With the development of robotic technology and industrial demands, robots are more expected to work in
unstructured environments, which calls for strong environmental adaptability and complicated task
processing capacity. It is promising for robotics, the multi-finger manipulators or graspers, to conduct high-
level and complicated manipulation tasks such as stable grasping, dexterous operation, or even tool
manipulation. This section discusses the grasping stability enhancement methods and some dexterous
operating applications in robotics.

Stability control of robotic grasping

Grasping is one of the most fundamental and widely used operation movements for robotics, especially in
the multi-finger manipulator or grasper'™'. It provides robots with the ability for object transferring and
recognition, and it is also a premise of some non-grasp or tool manipulation tasks. The complete grasping
process can be divided into pre-grasping, grasp conducting and grasp verification"”. To perform dexterous
and sophisticated manipulation tasks, it is of great significance to improve grasping stability, and commonly
used methods for stable grasp include pose adaptation or adjustment, force control, and slippage detection.

The grasp adaption and adjustment is an important stability control method at the beginning of the
grasping tasks. The primary purpose of this adjustment is to search for a proper grasping position or
relocate the grasped target'®. In the stage of pre-grasping, researchers can use vision or proximity sensors to
roughly estimate the object shape and pose"*>'**, which assists in choosing a proper grasping gesture that
matches the target object, and an initial grasping position is estimated to reduce the torsional load to the
grasping manipulator. Then tentative grasping is conducted and the object pose and inertial parameters are
revised through tactile information, which can further adjust the grasping gesture and minimize torsional
load" ! If the initially estimated grasping is far from the expected state, it is necessary to conduct re-
grasping. Otherwise, the manipulator can quickly perform an in-hand operation based on the current
grasping state, which relies on the manipulator’s dexterity and operating skills.

Once choosing a proper grasping gesture and position, it should give priority to considering force feedback
and controlling for stable grasping™’. First, the appropriate measurement of the object weight helps estimate
the minimum grasping force, which ensures the probable lifting of the target object. Moreover, it is
necessary to determine the maximum grasping force by estimating the object stiffness"*’, which can prevent
damage or a tight grip on the object with delicate or soft materials. Qiu et al. [Figure 8A]"* have reported a
robotic hand integrated with bioinspired multisensory electronic skins. The comparative result indicates
that the manipulator with force feedback can grasp tomato stably, while the one without force monitoring
results in damage. Others have applied force feedback to a prosthetic hand"””, which assists disabled people
in interacting with fragile or soft objects.
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Figure 8. Robotic grasping stability control and dexterous manipulation: (A) biomimetic manipulator with piezoelectric sensors and the
tomato grasping tasks with and without force control (reproduced with permission™™*®. Copyright 2022, Springer Nature); (B) robotic
grasping hand with tactile sensing arrays for slip detection (reproduced with permission™”’. Copyright 2019, Elsevier); (C) infer object
hardness and velocity by pushing it with tactile sensing array (reproduced with permission™. Copyright under a Creative Commons
License); (D) robotic gripper manipulating a pencil using tactile feedback (reproduced with permission““l.Copyright 2014, Elsevier).

In addition, detecting object slippage is of great significance to confirm stable grasping, especially when
performing dynamic manipulation tasks with varied environments or changeable target objects. For
decades, several techniques for slippage monitoring have been proposed”’. Some utilize the friction cone
model to measure the surface friction coefficient™, which can be calculated through normal and shear
force. Others monitor the vibration signals and extract frequency spectral features with processing methods,

[27] [154]

including discrete wavelet transform (DWT) [Figure 8B]"*” or fast Fourier transform (FFT)"**, and
advanced classifiers such as principal component analysis (PCA), SVM or KF can be utilized to estimate the
slip state!"*”). Recently, researchers also apply advanced learning algorithms such as LSTM and NN to predict
slippage events accurately'****"),

Dexterous operation and tool manipulation

The capacity to conduct dexterous or sophisticated manipulation tasks can significantly improve robotics’
intelligence and interaction ability, making them more similar to human beings. Although robotic hand
grasping can satisfy most manipulation tasks, it is still not enough to thoroughly conduct complicated and
humanoid daily tasks. Except for grasping, sometimes the robotics are required to perform other
manipulating movements such as pushing, rolling, pivoting, pulling, and so on'”. Bhattacharjee et al.

inferred object hardness and velocity by pushing it with a tactile force array on the robotic arm
[Figure 8C]"**. Some other works using non-grasp movements have also been reported, such as pushing
with t-distributed stochastic neighbor embedding (t-SNE) and CNN for slide and slip distinguishing"*’ and
manipulation primitives recognition using pushing"*. Although these manipulation movements used in
specific missions are less dexterous than grasping, they can significantly enhance the interaction ability of
robots for different manipulating tasks. Besides, when combining the grasp and non-grasp movements, it is
more convenient to conduct complicated manipulating tasks with high dexterity, such as inserting for key

[162]

and loch matching"*" and twisting the bottle cap"*.
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In addition to operating tasks using direct contact between the manipulator (tactile sensors) and the target
object, it is also necessary for robotics to grab an external tool for specific manipulation tasks. Since human
beings can extend operation capacity with various tools, robotics also greatly benefits from tool
manipulation in multiple application scenarios such as industrial production, medical surgery, and
domestic service. Compared with ordinary grasping or non-grasp-based operational tasks, tool
manipulation is more difficult since the tactile devices should measure the contact events or forces between
the tools and objects"”. Hoffmann et al. controlled a robotic gripper to manipulate a pencil using tactile
feedback [Figure 8D]"*. Other robotic tool manipulating works have also been reported, such as screw

twisting'*”, knife cutting"**

and so on. For the development of humanoid robots, the operated tools are
more desired to be apart from the manipulator or tactile devices, and researchers are more recommended to

extract features of contact events in the distance using advanced algorithms.

Human-machine interactions

Due to the inevitable uncertainty of working space caused by varied environmental parameters and other
subjects (human beings or other robots), robotics are more desired to perform sophisticated manipulations
and cope with changeable information, especially interactive missions with human beings. Human-machine
interaction (HMI) is an information exchange process between human beings and robotics or sensing
devices, which significantly contributes to the development of Tri-Co Robot (i.e., the Coexisting-
Cooperative-Cognitive Robot)"**. Based on the interaction level, HMI can be classified into human being
parameters measuring, input interface for robotic controlling, and close-looped duplex interaction with
sufficient feedback. This section discusses some recently reported works with different HMI applications.

Human being parameters monitoring

It is of significant priority to ensure that the robotics understand the characteristic parameters of the object,
which is fundamental to conducting interactive activities. Since human beings are the central constituent
part of most HMI tasks, numerous works monitoring human body parameters have been reported™'.
Health monitoring has long been a research emphasis in clinical medicine, and skin electronics detecting
arterial pulse waves"*, body temperature”, and wound damage* can provide a practical reference for
patient-care and surgery robots. Wearable skin patches monitoring the composition of sweat"*” or exhaled
air"** also contribute to disease diagnosis and prevention. Recently, biocompatible and implantable sensing
devices attached to internal organ surfaces have aroused wide interest"*. They can capture physiological
parameters such as electrocardiograph (ECG)"" or electroencephalogram (EEG)"", which help robotics to
recognize the interactive target accurately.

In addition to the health state, human movement or activity information also serves as a critical reference
for HMI tasks. Stretchable devices attached to the fingers, wrists, necks, limb joints, or heel tendons can
easily tell the movement of key joints in the human body for posture identification*>'**""*"”*\. Moreover,
strain or vibration-sensitive skin patches covering faces, throats or muscles spread all over the body also
help extract human emotion, voice information, or electromyography (EMG) signals*>'"*'”*. Besides, some
wearable interactive interface with advanced data processing algorithms shows great advantages in human
motion or pose recognition"””. Sundaram et al. developed a knitted tactile glove with numerous sensing
units, and human hand gestures can be accurately identified using machine learning methods of CNN and
t-SNE, as seen in Figure 9AP?.

Input interface for robotic controlling
Once ensuring that the robots can receive and understand external information, it is determined by human
manipulators to input interactive goals and control instruction to interact with robotics to complete specific
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Figure 9. Robotics for human-machine interactions (HMIs): (A) tactile glove resistive sensing array with high spatial resolution to
recognize human grasping gestures (reproduced with permission™*. Copyright 2019, Springer Nature); (B) human beings manipulate
the high-resolution tactile sensor switch to control the robotic grasper for needle threading (reproduced with permission®®®. Copyright
2021, The American Association for the Advancement of Science); (C) close-looped control of the remote robotic hand to grasp a
softball, human beings utilize the EMG signal to actuate the robotic hand, and the grasping force signal is reversed by electrical
stimulator (reproduced with permission™®. Copyright 2022, The American Association for the Advancement of Science); (D) digital-
twin-based virtual shop based on VR devices and Al models (reproduced with permission"®”. Copyright 2021, John Wiley and Sons).

manipulation tasks. Numerous flexible human-machine interfaces have been reported, such as traditional
input devices, namely screen, mouse or keyboard"”, and wearable tactile systems, especially EMG skin
patches!” or intelligent data gloves"’. Advanced algorithms such as CNN, Linear Discriminant Analysis
(LDA), Root Mean Square (RMS), and confusion matrixes can assist in precisely extracting human
instructions. These devices have been applicated to remote controlling of the mobile robot"”,
wheelchair™, robotic grasping manipulator!”, or virtual game character®. Yan et al. have reported a
high-resolution magnetic tactile sensor array for the teleoperation of a robotic manipulator in Figure 9B
NN algorithms can intelligently interpret human finger touch signals into grasper movement commands,
which can even be used for a sophisticated task of needle threading. However, in most cases, robotics just
functions as a receiving terminal for data processing and command execution without tactile feedback.
Human manipulators can only observe the operation process and give instructions regardless of on-site
perception and cognition, which makes it challenging to make corresponding adjustments according to the
actual operation state of the robotics.
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Close-looped duplex interaction

Ideal HMIs have capacities for multiple objects decision-making and duplex information exchanging
between human manipulators and robotics, which can realize high-level interactive tasks with sophisticated
manipulations. The robotics receive and process human instructions while making decisions autonomously,
and the on-site situation can be conveyed to human beings through different tactile feedback mechanisms
such as mechanical, thermal, or electrical stimulation"*. Humans can get a vivid perception of the
operation site, which serves as a practical reference for revising the input instructions. Cooperative missions
between humans and robotics have long been reported"®), such as elderly attendant care®’ and intuitive
teaching””. Tactile feedback also helps delicate control in the grasping manipulator. Yu et al. proposed a
close-looped controlling task of the remote robotic hand to grasp a softball, as in Figure 9C**. Human
manipulators utilize the EMG signal to actuate the robotic hand, and the multi-modal sensing information
between the grasping hand and the object is conveyed through electrical stimulation on human arms.
Similar works applied underwater™ or in other extreme environments have also been reported. Recently,
virtual reality (VR) and augmented reality (AR) technology have been reported to enable high-level HMI
applications'®*”. Sun et al. have reported a digital-twin-based virtual shop by leveraging the 10T and Al
analytics"®. Human beings equipped with VR devices can achieve real-time feedback about the grasped
product, which shows great potential for advanced HMI in virtual space, as shown in Figure 9D.

SUMMARY AND FUTURE PROSPECTS

In summary, tactile sensors and sensing technology can significantly improve the intellectual perception
capacity of robotics, which have been applied in various robotic applications such as dexterous
manipulation and human-machine interactions. We summarized tactile sensing principles, promising
tactile sensors for robotics, and mainstream robotic application scenarios. Diverse structure designs of the
pressure sensors, tri-axis sensors, large-scale sensing arrays, and multi-modal sensors were summarized in
detail, which provided a helpful reference for tactile sensing devices structure design in robotics. On the
other hand, different robotic applications, including object properties recognition, grasping and
manipulation, and human-machine interactions, were thoroughly discussed, and it may be heuristic for the
development of the next generation of intelligent robotics in the future.

Although tactile sensing technology for robotic applications has achieved remarkable progress, there still
remain some challenges to be addressed. For object properties recognition, it is sometimes time-consuming
to extract feature information, and researchers are always pursuing advanced algorithms and multi-modal
sensors for fast and accurate recognition. Besides, the grasping and manipulation task calls for advanced
motion control algorithms to acquire high-efficient operation, and both force feedback and slippage
detection should be conducted instantaneously. Finally, for the ideal human-machine interactions, the data
processing should be conducted on site, and multiple feedback information is more desired. However,
recent works show limited data processing speed and less realistic feedback. Therefore, we have summarized
some improvements that can be achieved in the future:

(1) Large-scale tactile sensor array with high spatial resolution for robotics still needs to be investigated. To
achieve haptic perception capacity similar to human beings, the tactile sensing array is not only required to
cover all over the robotic body but also owes high spatial resolution for subtle stimuli measurement.
Although high spatial resolution sensor arrays realized by ML algorithms"™ and full-body electronic skin”
have been reported, a large-scale sensing array with high or scalable spatial resolution needs to be further
investigated. Besides, numerous signals generated by a large amount of sensing units also cause a significant
challenge to the ancillary data-collecting devices, which calls for great efforts to solve problems such as
wireless transmission and crosstalk elimination.
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(2) Multi-modal tactile sensors play an essential role in robotic tactile perception. Multi-modal tactile
devices have long been reported, but a trade-off exists between structural complexity and modality amount.
It is of great significance to develop simple structured tactile sensors sensitive to multiple physical or
chemical parameters, and multi-modal tri-axis force sensor is also less reported before". In addition, since
there exists crosstalk between different modalities, decoupling technology selecting various materials and
structures or signal revising can greatly contribute to precise measuring.

(3) Advanced data processing algorithms, especially machine learning, can help analyze numerous tactile
signals. Data-drive signal processing methods such as NN, SVM or PCA can extract high-dimensional
features from large-scale datasets through intensive model training, which renders the robotics to be
intelligent enough for advanced applications, but most data processing processes are executed offline. To
achieve immediate interaction, it is necessary to do online or even in-site data processing to improve the
analyzing speed. Besides, the advanced algorithm for multi-data fusion shows great advantages in extra
feature extraction, and it can achieve more accurate sensing when blending various data of tactile, vision or
voice if the problems of data source mismatch can be addressed.

(4) High-level human-machine interactions are always the target application for robotics. Advanced data
processing methods, especially machine learning, can help extract high-dimensional and meaningful data
from simple interactive movements, which enhance the intelligence of robotics to make autonomous
decisions. Although various feedback principles such as mechanical, thermal or electrical stimulation have
been reported, it is not easy to precisely simulate the interactive parameters on site. Feedback combing
tactile, vision, voice and other information shows considerable research value. In addition, remote control
of robotics in extreme environments, namely underwater, aerospace or some disaster sites, is probably
promising HMIs applications in the future.
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