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Medical robots are invaluable players in non-pharmaceutical treatment of disabilities.
Particularly, using prosthetic and rehabilitation devices with human-machine interfaces can
greatly improve the quality of life for impaired patients. In recent years, flexible electronic
interfaces and soft robotics have attracted tremendous attention in this field due to their high
biocompatibility, functionality, conformability, and low-cost. Flexible human-machine
interfaces on soft robotics would make a promising alternative to conventional rigid devices,
which could potentially revolutionize the paradigm and future direction of medical robotics in
terms of rehabilitation feedback and user experience. In this review, the fundamental
components of the materials, structures, and mechanisms in flexible human-machine
interfaces are summarized by recent and renown applications in five primary areas: physical
and chemical sensing, physiological recording, information processing and communication,
soft robotic actuation, and feedback stimulation. This review further concludes by discussing
the outlook and current challenges of these technologies as a human-machine interface in

medical robotics.

1. Introduction

With a growing population and the subsequent rise of age-associated diseases, the
development and integration of novel sensors and materials into medical robotics have the
potential to prolong life expectancy and enrich the quality of life for the next generation.!™!

The motivation for the advancement of medical robotics stems from the United Nations’ (UN)



report that 46% of seniors (defined as 60 years and older) have some form of disability in
comparison to 15% of the general public.'® The higher ratio of disabled persons in the senior
population is due to the greater frequency of age-associated diseases such as stroke,
Parkinson’s, and Alzheimer’s disease that can lead to physical and cognitive impairment.™>"
According to the Center for Disease Control (CDC), of disabled Americans, 13.7% of the
population has a mobility impairment and 10.8% has a cognitive disability that can be

alleviated with medical-assisted robotics and novel therapeutics.***!

Despite the prevalence of cognitive and physical disabilities, the application of robotics for
medical therapeutics only coincided with the paramount shift in medical ideology in the early
1980s on the neuroplasticity of the brain after injury.!"'¥ In the late 20" century, researchers
found that over long periods of time guided exercises had a significant improvement in
restoring lost brain function and mobility.!"¥ These remedial motions were integrated into a
wheelchair-adaptable therapeutic for stroke patients in 1989 with MANUS: the first medical
robot designed specifically for rehabilitation.*!>!>!%! Later in the 1990s, the KAIST KARES
wheelchair further integrated torque sensors and vision-based servoing to allow for guided
user navigation.''"'® The field has continued to grow well into the 21™ century, with the
keyword “rehabilitation robotics” in PubMed’s annual academic articles skyrocketing from

191 to 772 papers in 2010 and 2020 respectively.

The progression of feedback sensors, modern designs, and novel materials similarly generated
broader user-acceptance of medical prosthetics.!"”?! Up until the sixteenth century, prosthetic
appendages were mainly used as a form of aesthetic with minimal added functionality past
holding and gripping tightly onto objects.'*!! It was not until the early 1500s — when people
could fabricate prosthetic limbs using complex moveable metal (iron) designs to replace or
augment the fixed fabric, copper, and wooden schemes — that mechanical prosthetics were
given broader mobility, stability, and functionally.'*” The innovation in prosthetic fabrication
in the 21™ century has further advanced through the development of three dimensional (3D)
printable soft materials and electronic skin sensors for flexible lightweight designs that

enhance user-communication with their environment.

Despite the recent improvements to the material, design, and functionality of medical
robotics, as well a $6.39 billion dollars market,'”! up to 40% of limb impairment patients still
option out of using artificial replacements.!"” The common issues cited are the unnatural feel,

poor functionality, and heavy weight of the device.!"” At its core, the inherent limitation of
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wearable robotics is that the electronics are not recognized as an extension of the human
body, resulting in a high cognitive effort for the user to control. Additional shortcomings
include their limited environmental feedback, power supply, and failure to autonomously
respond appropriately to external (possibly dangerous) stimuli.'** For many prostheses, the
same sensory information can be acquired through the users’ stump."” Recent advancements
in soft robotics and electronic skin (e-skin) may offer a way to bridge this communication
gap, allowing the user to have broader functionality in their medical device for an enhanced

user-experience.®!

Initially proposed in science fiction movies, the first tangible application of e-skin for
prosthetics occurred in 1974 with minor sensory feedback incorporated onto a robotic arm. *!
Now the base of many wearable devices, e-skin has been shown to outperformed human skin
in capturing thermal, humidity, physiological, various chemical, and tactile sensations while
maintaining a high spatiotemporal resolution under varying degrees of strain. Unfortunately,
recording these multimodal chemical, temperature, and pressure signals can drain power and
electrically interfere with the accuracy of sensor readings. It is therefore imperative to reduce
the sensor density and improve the efficiency of data collection by maximizing the
environmental information extracted through novel signal processing and machine learning
(ML) techniques."*”! To make the replacement from current rigid electronics, e-skin requires a
low mechanical modulus (high stretchability),*=% aesthetic appearance,”" low-cost,*”!
lightweight design,”*” large-scale fabrication techniques,” self-healing properties,”” and be
thermally stable.”””! With these functions, e-skin can provide the user with a more accurate
understanding of their dynamic environment as well as update medical staff on the progress of

their patient.

The combination of soft robotics with e-skin can additionally provide the user with a safe,
light, and low complexity mode of actuation without the high cognitive strain associated with
its rigid and heavy counterpart.”>>*! In particular, when e-skin tactile sensing communicates
harmful external stimuli to the user, soft robotics can utilize its flexibility and high degree of
freedom to efficiently move away and adapt to the scenario.!"”* Together, e-skin and soft
robotics can therefore alleviate problems such as limited functionality,”” heavy weight,"”! and
poor aesthetic design.”" Unfortunately, the tradeoff to such mobility is structural degradation
of the robot over long periods of duress. To replace the current metal designs, soft robotic

materials therefore require the ability to withstand rapid exposure to extreme temperatures
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and toxic chemicals as well as continuous deformations and elongations.”® Through dual
sensory communication and flexible robotic actuation, e-skin and soft robotics devices can
restore the user’s lost sensory awareness in the extremity, allowing the patient to see the limb
as an extension of their body rather than a lifeless mechanical appendage.
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Figure 1. Representative applications of flexible electronics in HMIs for medical robotics.

This review investigates the recent progressions made in flexible electronics and soft devices
that tackle the current user-problems associated human-machine interaction (HMI) in medical
robotics. The article breaks down HMI devices for medical robotic applications into five
major categories: sensing, recording, communication, actuation, and stimulation (Figure 1).
The first component, materials, provides a broad overview of the different compounds and
structures that are currently being investigated for various medical robotic applications. The
subsequent sensing section reviews mechanical, temperature, and chemical sensors that have
been applied to e-skin. The paper provides specific attention to bioelectrical signal recording
in the following section, analyzing the different techniques used to invasively and non-
invasively detect electrophysiological information. After data collection methodologies have
been discussed, the review will compare the various algorithms and techniques used to
process and communicate information to the user. The review will then discuss soft robotics
and actuators (thermal and mechanical) for human-like lightweight motion. Finally, the paper
will end on robotic stimulation, in which various electrical and burgeoning optogenetic
stimulations as well as noninvasive virtual reality (VR) and artificial reality (AR) applications
are assessed. Each area of the review has been further supplemented with recent research

studies, indicating the stage and future application of each methodology. In the final section,
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the challenges of flexible electronics and devices are summarized, noting their potential future

directions within the scientific community.
2. Materials and Structures

The incorporated materials (Figure 2) and structural designs (Figure 3) in flexible devices
directly impact their various properties. One of the most important properties for medical
applications is biocompatibility, which includes the safety, comfort, and normal functionality
of the device in vivo or on the skin. In the following subsection, various flexible materials and
structural designs in HMI devices are introduced, alongside their desired properties, with

specific attention given to their biocompatibility and functionality in various medical robotics.
2.1 Mechanical biocompatibility

From a mechanical perspective, biocompatible devices for medical applications must be
flexible, elastic, and compliant enough to adapt to any target tissues’ complex morphology.
Proper conformability can reduce damage to the device and body during tissue displacement
and motion artifacts while also improving patient comfort and outcome.**’ HMI materials can
be broadly classified into two categories: inherently elastic and intrinsically non-stretchable
components. The former, such as liquid metals”” (Figure 2A and 2B) and conductive or
semiconductive polymers,*"*? directly rely on their mechanical properties for flexibility
without further modification (Figure 2G and 2H). The latter (rigid materials), on the other
hand, gain elasticity through flexible structural designs. A common method for incorporating
rigid components into flexible devices is to use thin strips of the material. Bending strains
decrease linearly with thickness, making inherently inelastic materials flexible when
fabricated into ultrathin films or wires (on the nanometers/micrometers scale). Typical
examples are metallic films on flexible circuits,* or nanomesh electrodes (Figure 2C,D) in
flexible sensors.**! Another way to obtain flexibility is through structural designs, like
serpentine (Figure 3A and 3B),'*' kirigami,**' fabric (Figure 3I and 3J),*” and waves
(Figure 3K and 3L)." Such structures can not only endow a degree of flexibility and
stretchability to rigid devices, but also further enhance the elasticity of inherently soft devices.
1 Upon gaining flexibility through materials and structures, HMI devices must be further
processed into the appropriate biocompatible morphology suitable for different tissues

(similar material to tissues).



2.2 Chemical biocompatibility

The chemical composition of flexible devices should be adaptable to various biochemical
environments (biofluids like sweat and interstitial fluid) to ensure user safety and prevent
device failure, especially in biological fluids containing various erosive ions and attacking
immune cells.”” For implantable devices, noble metals such as platinum (Pt) and gold (Au)
play an important role in neural interface electrodes due to their chemical stability in
physiological environments.”"" Another commonly used biocompatible material is hydrogels
(see Figure 2E and 2F). As a material whose features resemble water-rich tissue in the human
body, hydrogels can greatly reduce the inflammatory response of foreign objects, regulate cell
or protein attachment, and prevent device failure in vivo,”? which is important for implants.
153341 Coating hydrogels on electronics”®' or mixing conductive materials such as carbon
nanotubes (CNTs),"*® jonic liquids,”” or conductive polymers®® into the gel can help maintain
biocompatibility while also preserving the electronic properties. For devices that are not
chemically biocompatible, the last commonly used technique is to completely seal the device

in biocompatible material, like polyimide (PI) or polydimethylsiloxane (PDMS).>”!
2.3 Functionality and performance

The functionality and performance of many medical robotics can be evaluated by the device’s
sensitivity, electrode interface impedance, actuation capability, or stimulator charge injection
capability, all of which are dependent on the electrical properties of the material and structural
designs. As an example, conductive polymers and hydrogels have considerable charge storage
and injection capabilities. Because of this, they are commonly used in electrostimulation
electrodes,™ electrophysiological recording electrodes, and nano-percolation networks that
maintain statistical stability of impedance under deformation conditions.”***! In terms of
structural design, such as mechanical sensor microstructure, to improve the functionality and
sensitivity of the device (Figure 3C and 3D),°Y the combination of electroactive polymer
(EAP) actuator and hydraulic structure can improve actuation capability'®>®*! as the structural
design of a pneumatic chamber will achieve the pre-defined actuating motion (Figure 2I and
2J)).1*-%%I Tn addition, self-healing can be achieved by leveraging the bonding properties of the
relevant materials,'” while biodegradability is mainly achieved by using inherently unstable
materials.[®*® Notably, 3D flexible electronics maintain conductivity while gaining an extra
dimension and thus more sophisticated functions that 2D electronics do not offer (Figure 3E

and 3F)."07



2.4 Comfort and convenience

For wearable devices, biocompatibility also includes comfort and convenience, as the user
needs to wear the device for long periods of time. Generally, porous structures have a high
stretchability and breathability (See Figure 3G and 3H), which can facilitate conformal and
comfortable attachment to the skin.”””! Moreover, textiles, the most common structure in our
clothes, are also naturally porous due to the space between the fibers and yarns.’ Due to their
breathability, these aforementioned 2D porous materials facilitate the outflow and evaporation
of sweat and are not only comfortable to wear but also do not cause much skin irritation. ™' In
addition to breathability, lightweight is also an attractive feature of flexible devices. Unlike
rigid devices based on bulky metal and silicon materials, flexible devices made of plastic and
rubber are usually lighter. For example, using flexible lightweight materials, a prosthetic
system weighing 300 grams was developed that mimics a commercially available prosthetic
device that weighs more than 400 grams."® The benefit of lightweight devices is that they
provide a more labor-saving feeling for better user comfort. Furthermore, the transparency
based on polymers, or nanomesh materials, also contributes to greater aesthetic properties of

flexible devices.”®!

Liquid metal Nanomesh Hydrogel Polymer Semiconductor




Figure 2. Materials for soft electronic devices. A) Scanning electron microscopy (SEM)
image of the surface on a biphasic gallium—-indium (bGaln) alloy film. B) Photograph of a
multilayer LED display based on the bGaln interconnects. A,B) Reproduced with permission.
U0l Copyright 2021, Springer Nature. C) Cross-sectional SEM image of a gold nanomesh-
based pressure sensor. D) The ultrathin pressure sensor attached conformally to the index
finger. C,D) Reproduced with permission.** Copyright 2020, American Association for the
Advancement of Science (AAAS). E) SEM image of interconnected poly(3,4-
ethylenedioxythiophene) (PEDOT) polymer networks in the electrically conductive hydrogels
(ECH). F) A micropatterned ECH elastic electrode array. E,F) Reproduced with permission.
581 Copyright 2019, Springer Nature. G) Atomic force microscope (AFM) phase image of a
semi-conductive polymer under 100% strain. G) Reproduced with permission.”*!! Copyright
2017, AAAS. H) A large-scale array of intrinsically stretchable transistors using the polymer
as the semiconductor layer. H) Reproduced with permission.*! Copyright 2018, Springer
Nature. I) A hyper-elastic light-emitting capacitor encapsulated in insulating polymer (Ecoflex
00-30) under uniaxial stretching. I) Reproduced with permission.' Copyright 2016,
American Association for the Advancement of Science. J) McKibben-type artificial muscles
(soft polymer composite material inside braided mesh sleeving) and corresponding actuation.
J) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International

license.'® Copyright 2017, The Authors, published by Springer Nature.
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Figure 3. Structures of soft electronic devices. A) Angled-view SEM of serpentine bridging
interconnect networks. B) Optical image of the island-bridge device at equal-biaxial 50%
strains. A,B) Reproduced with permission.*) Copyright 2014, AAAS. C) SEM image of a
dense array of reversible interlocking of Pt-coated polymer nanofibers. D) Photograph
showing a nanofibers-based strain gauge with interlocking structure. C,D) Reproduced with
permission.'®"! Copyright 2012, Springer Nature. E) Papercutting inspired 3D microelectronic
devices formed of SU8+Silicon in micrometers scale. F) 3D microelectronic devices in tens of
micrometers scale using silicon. E,F) Reproduced with permission.” Copyright 2018,
Springer Nature. G) SEM image of a nanomesh-based conductor with porous structure. H) A
photo of a conductor attached conformally to a fingertip. G,H) Reproduced with permission.
31 Copyright 2017, AAAS. T) Photograph of a soft multicolor display in form of textile. J)
The display under complex deformations, including bending and twisting. 1,J) Reproduced
with permission.”*”! Copyright 2021, Springer Nature. K) SEM image of ultrathin transistors
on an elastomer with waves formed by pre-stretching. L) Stretchable transistors on the

elastomer with waves. K,L) Reproduced with permission.**! Copyright 2013, Springer Nature.
2.5 Discussion

Collectively, research into materials and structures is fundamentally driving the growth of
flexible electronics. It is important to note that most of the materials and structures discussed
are versatile and can have multiple roles in prosthetics and rehabilitation robotics such as
sensing and recording, computing and storage, as well as actuation and stimulation. The
current challenges and potential future directions of materials and structures in flexible
electronics include: 1) Although most studies mention durability and functionality, for many
devices this is just a theoretical prediction or proof of concept. 2) Compared to rigid devices,
the manufacturing precision and integration density of flexible devices are still in their
infancy. This places a high requirement on the machinability of materials and structures to
ensure flexibility. 3) The manufacturing cost of materials and structures is the key in
determining the device’s price. Many materials and structures are already costly for proof of

concept in the lab. For mass production, low-cost solutions need to be continuously explored.
3. Sensing

In the human body, the skin protects internal tissue from damage'™ while transmitting

abundant external information to the brain through various high-density subcutaneous



receptors.®™ In this way, the skin acts as a platform for the embodiment and extraction of
internal and external sensations, such as physical (pressure and stretching),®*? chemical

(perspiration),’® and physiological (respiration and pulse)®*3 information.

In medical robotics, e-skin presents itself as an optimal replacement for human skin to collect
external and internal information from a patient. In the past decade, various flexible e-skin
sensors that mimic the functions and features of human skin have already been integrated onto
medical robotics to sense external information® for rehabilitation applications.®” In
rehabilitation, the absence of supervision may lead to incorrect patient posture, which reduces
the efficiency of rehabilitation and can even aggravate a disability.™ Collecting information
from the patient during rehabilitation, specifically strain® and pressure,®” can inform the
therapist in real-time about the accuracy of the movement as well as the physiological status.
At the current stage, e-skin can mimic or surpass human skin performance in mechanical and
thermal sensing (as shown in Table 1) and functionalities in terms of various chemical,®"
physiological, and proximity sensing® to deliver accurate and diversified information to
users. In such scenarios, e-skin sensing can achieve autonomous electronic rehabilitation by

monitoring the patient in real-time, providing a promising solution for the development of

personalized rehabilitation science.”**!

Table 1. Comparison of key sensing performance of natural skin and artificial skin.

Limit of Sensitivity[]pressure Spatial Response Sensitivity Mechanical Refs
detection 0 resolution time (temperature) property '
1 mNI#e! 0.078-0.018 kPal®” 1 mm®® 15 ms!®! 20 mk®" Stretchable Human skin
~30%"%
0.08 Pa >220 kPa™ 50 um 9 ms NA Flexible Bai et al.™
NA 0.01 kPa™ 0.1 mm 15 ms NA Flexible Yan et al.””
lug~1.25Pa 4.4 kPa™ 5 mm NA NA Flexible Wu et al.'
0.3 Pa >5000 kPa™ 1000 DPI* <1 ms NA Flexible Lee et al.!"!
<0.5 Pa 192 kPa’ 0.8 cm 10 ms NA Flexible Zang et al.l'"
NA NA 5 mm NA 20 mk Flexible Yokota et al.'®!
7.3£1.2 Pa >1.25 MPa™! 2 mm NA 2410 ppm °C! Stretchable Hua et al.l'*!
~800%
10 Pa ~1.78x107 kPa™! 318 CPI® 32 ms 3x107*°C"! Flexible An et al.l%!
NA 0.41% kPa™' or 0.5 mm NA ~0.01 °C"! Stretchable Kim et al."%!
0.075% kPa™! ~20%
100 Pa 28.9 kPa’! 1 mm 40 ms <0.1K Flexible Zhang et al."”

“DPI, dots per inch; "CPI, capacitors per inch.
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3.1 Pressure sensing

There are many e-skin pressure sensing mechanisms that have been widely and reliably
adopted in medical robotics.'"® "% Several of these exemplary principles (such as
piezoresistive, piezocapacitive, piezoelectric, piezoionic, and more) are discussed below

alongside their applications in prosthetic sensing and rehabilitation health monitoring.
3.1.1 Pressure sensing mechanisms

Conventional static force-sensing mechanisms in e-skins mainly consist of resistive and
capacitive sensing. Due to its simple mechanism and convenient data collection strategy,
resistive pressure sensing has been extensively applied using various recording mechanisms.
M Bulky piezoresistive e-skins, like sponge-based sensors, rely primarily on pressure-
induced changes in the number of conductive pathways!''? or in the shape of the sensing
material.'"”! Meanwhile, another resistive sensor may analyze the changes in the contact
resistance, like the quantum tunneling effect (Figure 4A)."'*!'"! This type is much more
sensitive and thinner than the bulky option. An e-skin based on bilayer microdome arrays can
use microstructures to maximize the changes in surface contact resistance based on the
tunneling effect (Figure 4B)."'"! Nevertheless, some drawbacks, like large hysteresis,!'!® large
confounding temperature sensitivity,!''”! and varying pressure sensitivity!'"*! have limited the
performance of resistive sensors. Compared with resistive sensors, capacitive sensors have
excellent linearity with lower power consumption.!""” For piezocapacitive e-skins, capacitance
changes are mainly based on the deformation of the dielectric layer. Normal pressure and
tangential strain can be measured through a capacitive sensor as the dielectric layer can be
deformed under tensile and external pressure (Figure 4C). As demonstrated in Figure 4D,!"*"
a capacitive pressure sensing array with cross-arranged electrodes was fabricated using CNTs
as the electrode material and PDMS as the dielectric layer.

Piezoelectric and triboelectric have their unique advantages in dynamic force measurements,

i.e. high-frequency measurement, and self-power supply.!'*'~'%!

As an example of
piezoelectric sensors, a dual-gated ZnO-based thin-film transistor (TFT) was fabricated
(Figure 4E)!"** where external pressure causes noticeable voltage changes in the flat-band of
the device (Figure 4F). In practice, this sensing mechanism is well-suited for HMI’s high-
frequency environment, such as the detection of surface textures by robotic hands (high-

frequency vibrations) and "' wearable pulse monitors.!*! A representative example is shown
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in Figure 4G and 4H, where an all-textile triboelectric generator (TENG)-based machine
washable sensor array was woven into different parts of a vest to enable measurement of pulse
and respiratory waves."”! Nonetheless, the major drawbacks of these two sensing
mechanisms are the unreliable static sensing performances and drift in long-term

measurements.!%!

Achieving a high integration density of sensing arrays is dependent on the fabrication process,
materials, and the data acquisition method.!"**! Meanwhile, the high integration density of the
electronics easily leads to crosstalk and interference of the signals. An attractive approach to
address this issue is to have transistors that maintain the sensing unit state integrated around
the device to control and amplify the signal, namely the “active matrix”.!"® The previously
mentioned resistive, capacitive, and piezoelectric cells are all capable of being integrated into
active matrices. As shown in Figure 41, capacitive integration uses primarily pressure-
sensitive capacitors directly as gate capacitors, where the change in capacitance is translated
into a variation in drain current in the field-effect transistor (FET)-based device.!!9%130-1321 O
the other hand, piezoresistive sensors can be connected to the source or drain of the FET,

where the drain current of the FET varies with the applied pressure (Figure 4J).1*%77-133-13

Other pressure sensing mechanisms, like optical,!**"** magnetic,"”>"** and piezoionic,!**-'#
are emerging and accelerating the growth of the pressure-sensitive e-skin field. Optical
pressure sensors rely on the differences in optical signal between the electromagnetic emitter
and receiver, where an external force can deform the light guide (transmission medium) and
alter the optical signal received (Figure 4K). By exploiting this principle, Figure 4L
demonstrates a stretchable distributed fiber-optic sensor that can simultaneously monitor real-
time deformations such as bending and pressing."** In addition to optical methods, magnetic
sensors are also suitable for high-resolution pressure perception.!"*! A pressure sensor was
recently developed using soft materials that contain magnetic particles, where the external
force applied changes the uniformly distributed magnetic particles and changes the internal
magnetic field in the device.” As another example, Figure 4M and 4N illustrate a GMI-
based pressure sensor with a high sensitivity to force stimuli."”" Some innovative e-skins
based on the piezoionic mechanism have been proposed."**'* The mechanical deformation of
the e-skin can be indicated by a change in voltage or current due to the redistribution of ions

with different mobility (Figure 40). As demonstrated in Figure 4P, e-skins can utilize the
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piezoionic principle to measure the applied force by detecting the current between the

nanopore membrane.!*”!
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Figure 4. Sensing mechanisms and examples of flexible pressure sensors. A) A piezoresistive
mechanism. B) A giant tunneling effect-based piezoresistive pressure sensor. A,B)
Reproduced with permission."™™ Copyright 2014, American Chemical Society. C)
Piezocapacitive mechanism. D) Transparent piezocapacitive sensors. C,D) Reproduced with
permission."?! Copyright 2011, Springer Nature. E) A piezoelectric mechanism. F) Scalable
tactile sensor arrays with piezoelectric materials in active matrixes. E,F) Adapted with
permission."*! Copyright 2020, AAAS. Reprinted/adapted from ref.!"*. Distributed under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC). G) Triboelectric
sensing mechanism. H) Triboelectric mechanism-based textile for pressure sensing. G,H)
Adapted with permission."?”! Copyright 2020, American Association for the Advancement of
Science (AAAS). Reprinted/adapted from ref.!'””. Distributed under a Creative Commons

Attribution NonCommercial License 4.0 (CC BY-NC). I) Piezocapacitive active matrix.
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Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International
license.!"” Copyright 2015, The Authors, published by Springer Nature. J) Piezoresistive
active matrix. Reproduced with permission.”® Copyright 2013, Springer Nature. K) Optic
pressure sensing mechanism. L) A stretchable multifunctional fiber-optic sensor. K,L)
Reproduced with permission.!"* Copyright 2020, AAAS. M) A magnetic mechanism. N) A
tactile sensor based on GMI material. M,N) Reproduced with permission.""® Copyright 2018,
AAAS. O) Piezoionic mechanism. P) A patchable pressure sensor mimicking ion-channel-
engaged sensory organs. O,P) Reproduced with permission.!"*! Copyright 2016, American

Chemical Society.
3.1.2 Pressure sensing in prosthetics

Most existing commercial prostheses lack sensory capabilities and prevent amputees from
actively and passively perceiving external information, which dramatically diminishing the
user's ownership of the prosthesis. Flexible pressure-sensitive e-skins can be integrated on
prostheses to provide sensory functions by transducing mechanical information to electrical
signals. Passively detecting various external signals and actively sensing the state of the grip
grant amputees the ability to perceive environmental stimuli and self-position their limbs, thus

bringing revolutionary functionality to prosthetics.!*®!

Physical integration of the e-skin with the prosthetic is the first and most basic step in
establishing the human-machine interface. However, integrating e-skins may limit their
sensing performance. One fundamental problem lies in the mechanical attachment of the e-
skin to the complaint 3D shapes of artificial limbs, which leads to strain interference in sensor
performance. Assorted tactics have been reported to mitigate bending-induced parameter
variations from materials and structural design aspects.**”"! From functional, durable, and
aesthetic perspectives, conformal integration should be the first consideration, where most e-
skins are attached directly and seamlessly to the prostheses’ surface using adhesives.!?*!*
Others like the fabric e-skin can be conformally attached to the surface of the robotic arm
using a computer-aided design and weaving technology. (Figure 5A)."*! In an alternative
integration example, mold methods can transform the complex geometry of prostheses into
relatively regular shapes that are smoother for e-skin installation.!'>'*! Mentioning precision
and quickness, fabricating flexible e-skins on robotic surfaces through optical scanning to
model and 3D printing is another potential method for personalized integration.!***! Not as

sophisticated as the above solutions, direct sprayed-on or coated integration are simple
14



methods. As a model case, an e-skin named “Electrick” fabricated by simple coating
technologies was reported. After spraying conductive materials and integrating electrodes
onto the object, electric field tomography was performed to detect the shunting current
between the user’s finger and sensors for touch sensing.!"”?! Researchers have also reported
S,[153’154]

options for prostheses with flexible sensors embedded in the manufacturing proces

which solves the problem of surface mounting, but also presents a replacement challenge.

Daily interactions between amputees and the environment in the form of touch and collisions
require passive pressure sensing. For example, coverage of piezoresistive textiles on a robotic
arm can provide a spatial map of pressure distributions (Figure 5B)."'**! Compared with
passive perception, active sensing refers to amputees detecting unstructured environments
with prosthetics subjectively, such as identifying the stiffnesses and texture of objects, user-
interaction with people, and grasping.!™ As an example, parallel ridges were fabricated on
the surface of a poly(vinylidene difluoride) (PVDF)-based piezoelectric sensor to detect
texture-induced vibrations.!"”®! Furthermore, adding e-skins on prosthetics creates a closed-
loop sensory feedback control, which allows for a more accurate, facile, and compliant touch
and grasp. In an example, sensory feedback control was demonstrated by pulling the stem
from a cherry (without crushing it) using an artificial limb, which requires facile control
through relayed feedback of the grasping force (Figure 5C and 5D)."">" Collectively, with the
assistance of artificial skin, active and passive interactions make up the prosthetic pressure

perception.
3.1.3 Pressure sensing in rehabilitation

Pressure monitoring is essential for rehabilitation, especially for extremities recovery and
small pressure capture in health monitoring (heartbeats, pulse, etc.). Eg. fingertip and palm
pressure feedback can inform the user about their gripping force for stroke patients to regain
accurate grasping ability.**2*111 A Tiquid metal-based pressure-sensitive glove was used to
train a subject to relearn a specific manual skill by providing real-time pressure monitoring
(Figure 5E)."®” In another application, the medical importance of plantar pressure monitoring
in patients with lower extremity disabilities are tremendous. Through analyzing the pressure
concentration points on the foot, the gait phase can be identified for real-time correction of
improper movements in rehabilitation.'®! Additionally, the imitation of human gait also
facilitates the adaptability and compliance of bionic prosthesis to the human body.!"®*'%! In

one example, a pressure-sensitive insole with an inkjet printing circuit and sensing units made
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of CNT embedded in PDMS was fabricated for detecting plantar pressure. These pressure
data can be used to train ML algorithms to classify human gait phases (Figure 5F).['%! In
rehabilitation, micro-vibrational physiological signals, such as a heartbeat!®'*”l and pulse,
1168169 can provide information on the body's status and load, allowing for the immediate
adjustment of the rehabilitation intensity and planning. Moreover, pressure monitoring of
bedridden patients or prosthetic sockets can also effectively prevent skin ulceration due to

prolonged pressure. 17!

___Pressure sensor

Embedded wires
V4

Soft sensor
Embedded glove

Figure 5. Applications of flexible pressure sensors in medical robotics. A) Pressure-sensitive
textiles integrated on a robotic arm. B) Demonstration of human touch on the arm and
corresponding pressure mapping. A,B) Reproduced with permission."**! Copyright 2021,
Springer Nature. C) A cherries’ stem pulling experiment for illustrating the importance of
tactile sensing ability in active prosthetic control. Without tactile feedback, the subject
removed the stem but crushed the cherry attribute to unstable force control. D) Subjects
wearing an artificial hand with tactile sensing ability removed the stem without damaging the
cherry. C,D) Reproduced with permission."*”! Copyright 2014, AAAS. E) A flexible pressure
sensor for detecting grasping force. Reproduced with permission.!"®? Copyright 2014, IEEE.
F) Smart insoles to monitor plantar pressure. Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license.!"® Copyright 2019, The Authors,
published by MDPI.
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3.2 Strain sensing

The mechanism for strain and pressure sensing overlap in many ways. However, there are still
many differences in applications that are worthy of further consideration and discussion,

especially for the detection of human and prosthetic postures.
3.2.1 Strain sensing mechanisms

The mechanisms of pressure sensors mentioned above, like resistive, capacitive, and optical,
etc.,'"”? can also be applied to flexible strain sensors. It is worth noting that some microscopic
mechanisms in strain sensing, like misplace,'*!'™  disconnection,"™ and crack
propagation!'®®!7! are not available in pressure sensing. The most widely accepted capacitive
structure for strain sensors is the “sandwich” structure. Inherent stretchable polymers are
attractive materials for dielectric layers due to their stretchability and permittivity.
Nanomaterials"""'7*! and liquid metals"™ can be used as electrodes owing to their stable
conductivity under tensile strain. Piezoelectric and triboelectric strain sensors are two other
major types of stretchable strain sensors.!"®"'%2 Piezoelectric materials, like BaTiOs,!"® zinc
oxide (Zn0),!"* PVDF,!'831%] can be utilized to fabricate strain sensors by converting strain
readings into voltage signals. Similar to the mechanism behind pressure sensing, flexible
waveguides!**'**! and magnetic materials!*”'®! have also been investigated for wearable strain

sensing applications.
3.2.2 Strain sensing in prosthetics

Flexible strain gauges are commonly used in prosthetic control and proprioception.
Prosthetics can be controlled by neural electrophysiological signals (will be further discussed
in section 4) and mechanical signals such as gestures"¥'*"! or body movements.!"*"! By using
simple and accurate signal gathered from non-invasive and visible sensors, gesture control
strategy has become an intuitive and reliable control method for prosthetics.!*®! Flexible strain
sensors prove to be promising alternatives to monitor these mechanical signals owing to their
stretchability, durability, and lightweight nature. As shown in Figure 6A, a biofuel powered
strain sensor was integrated onto a human elbow to capture strain signals. By utilizing the
strain signal, the subject successfully controlled the prosthetic to assist walking in real-world
environments (Figure 6B).""? Tiny stretching of the skin, such as muscle contractions and
relaxation (i.e. mechanomyography) can also be detected by flexible strain gauges!'**'**! or

pressure-sensitive units!'®® for prosthetic control.
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Besides pressure sensing, proprioception is another crucial perception for prosthetics, which
allows the amputee to directly feel the posture of the device. In particular, flexible strain
sensors can sense the stretching and relaxation of prosthetics like the human body's
mechanoreceptors located on the muscles, skin, and tendons.!””! Commercial prosthetics are
mostly driven by motors, where the angle encoder inside the device can accurately reflect the
movements. Soft actuators lack this ability because of their continuous mode of motion,
making the application of flexible strain sensors on soft actuators extremely attractive.-'%1%)
A noteworthy example to detect bending angles, an essential part of its self-perception, is
flexible capacitive sensors alongside soft actuators. This hybrid robotic skin can turn
inanimate objects into soft robots by estimating their current position. As shown in Figure
6C, to demonstrate the proprioceptive ability, the bend angle of a foam integrated with the
robotic skin was calculated from the dimension of the device and the electrical signals."*!

Therefore, the combination of soft actuators and flexible sensors is a promising direction for

future soft robotic systems.
3.2.3 Strain sensing in rehabilitation

For rehabilitation, the rotation of the joints, the contraction and relaxation of the muscles, and
the natural breath cause strain on the human skin and are essential information to record. A
healthy hand allows for dexterous manipulation. In terms of rehabilitation, the angle of the
hand joints monitored by the sensors can be used as a basis for measuring movements, which
provides rich data for hand rehabilitation. As shown in Figure 6D, a stable flexible strain
gauge based on the “island and gap” structure of aligned CNT thin films was recently
demonstrated.''” Using this strain gauge for hand rehabilitation, a data glove can be
fabricated to accurately detect the motion of each finger individually. In gait rehabilitation,
ankle angles are essential physical information for orthotic devices to address pathological
gaits. Figure 6E presents an EGaln based-strain sensor that can be applied on top of the ankle
to measure the joint’s angle to provide feedback on the foot’s motion during rehabilitation. !
Unlike large strain measurements of joint angles, measuring the strain from small muscle
deformations requires a high sensitivity. Figure 6F demonstrates an ultra-sensitive and
resilient strain-mediated contact in anisotropically resistive structures based on a compliant
strain gauge. To verify the effectiveness of this sensor, researchers fabricated a textile-based
sensor that was integrated into the sleeve to detect small muscle deformations and classify

hand and wrist movements.!" On the skin, respiratory waves and pulses can also contribute
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to slight stretches, which can be captured by sensitive strainers for health monitoring during

rehabilitation.®+202203]

In addition to monitoring external strain on the human skin, recently in vivo strain sensing has
been investigated to monitor inner tissue, e.g. tendons and muscle recovery, by continuously
providing real-time and long-term information for rehabilitation surveillance."'”** As shown
in Figure 6G, an implantable capacitive multifunctional sensor was designed to measure
pressure and strain signals under the skin. After being implanted on the back of a rat (Figure
6H), the in vivo sensor can accurately and stably detect strain and pressure signals applied on
the implanted region (Figure 6I). This device was fabricated with biodegradable materials,
which avoids the need for surgical extraction.'””" The design of these strainers provide a new

paradigm for in vivo biomechanical measurements.
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Figure 6. Applications of flexible strain sensors in medical robotics. A) A perspiration-
powered integrated e-skin (PPES) and strain sensor. B) The use of PPES and strain sensor for
prosthesis control. A,B) Reproduced with permission.!"”? Copyright 2020, AAAS. C) A robot
skin with integrated strain sensors and actuators that can turn objects into soft robots.
Reproduced with permission.*™ Copyright 2018, AAAS. D) A data glove using stretchable
strain sensors. Reproduced with permission."” Copyright 2011, Springer Nature. E) A liquid
metal-based strain sensor for detecting ankle angles. Reproduced with permission.!"!
Copyright 2011, IEEE. F) Demonstration of a textile-based strain sensor-integrated sleeve to
detect hand motion. Reproduced with permission.""”* Copyright 2020, Springer Nature. G) An
implantable strain sensor can be attached to the tendon for real-time healing assessment. H)
The strain sensor implanted subcutaneously on the back of a rat. I) External strain and
pressure applied on the sensor. G-I) Reproduced with permission.”*! Copyright 2018,

Springer Nature.
3.3 Thermal sensing

As temperature is another dimension of physical information beyond mechanical perception,
mimicking thermoreceptors on the human skin is vital for the sensory function of prostheses.
Currently, some temperature-sensitive e-skins can outperform the human skin in terms of

sensitivity, accuracy, and detection range.!?%>2%!

3.3.1 Thermal sensing mechanisms

Resistive metallic temperature sensors””’! and thermistors™® are the most commonly used
sensors in flexible thermal electronics. The mechanism of resistive metallic temperature
detectors relies on the linearity between resistance and temperature found in metals."*”! Thin
metal films, like Au,?'” Pt®?'!l are widely employed in constructing flexible temperature
detectors due to their good linearity and proven success in their microfabrication technologies.
Unfortunately, the sensitivity of many metal materials can be a significant drawback for
temperature sensing applications. Thermistors are another common class of resistive
temperature sensor and can be categorized into nonlinear positive temperature coefficient
(PTC) and negative temperature coefficient (NTC) sensors. In the PTC type, fluctuations in
the temperature alter the specific volume of the material, which in turn affect its resistance and
current measured. Conductive nanomaterial-filled polymers?'>?"*l are a promising candidate

for flexible PTC temperature sensors, where the volume changes as the material progresses
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through the melting point of crystalline regions, thus affecting the resistance.”" For
measuring spatial temperature gradients, an organic active matrix with polymer PTC sensor
pads was fabricated on a PI substrate, which exhibits a bending insensitivity and high spatial
resolution (Figure 7A and 7B).""" The negative temperature coefficient (NTC) thermistor has
a clear advantage over other temperature sensors in that it exhibits a much simpler structure

while presenting equivalently high temperature sensitivity.!*'”!

In addition to resistive temperature sensors, thermocouples and PN junction sensors are also
two common thermosensing mechanisms. Thermocouples can generate a potential difference
under different temperature between different materials based on the thermoelectric (Seebeck)
phenomenon.'*'®’ Whereas the forward voltage in PN junction temperature sensors can vary
with temperature, converting the heat into electrical signals in the diodes and transistors. The

advantage of this method is its small size, fast response time, and good linearity.!'%2""]

[218] and

Moreover, some optical temperature sensors use infrared (IR) thermography
colorimetric techniques with thermochromic liquid crystals that can be used to record the
temperature more intuitively™ and have already been applied to measure the temperature of
the human body. Some remarkable designs based on biomaterials and structures have superior

temperature response properties, offering another method for thermal perception.®”
3.3.2 Thermal sensing applications

Thermal perception for prosthetics can complement pressure sensing for extracting more
tactile information from the environment, which not only informs the amputee about the
environment thermographically, but can also prevents the user from danger or potential device
failure due to extreme heat or cool.***!! Figure 7C shows an intrinsically stretchable rubbery
electronic, which can be used to fabricate thermistors.”???! Researchers demonstrated the
sensor’s functions by using a robotic hand equipped with e-skin to grab and measure the
temperature of different cups. (Figure 7D) One important lesson learned from studying the
natural perception of human skin is that the identification of materials is inseparable from
accurate temperature perception. As a heat source and sensor, the human hand can effectively
perceive the heat dissipation ability for fluid flow rate sensing**! and identifying the thermal
characteristics of surface materials.”*" One such example used an artificial fingertip with e-
skin to acquire information about the thermal properties and surface texture of different
materials. Using machine learning, the combination of vibrational and thermal information

was used to identify the group (e.g. wood, metal, plastic) and type (e.g. aluminum, copper,
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pine, etc.) of the material.”**! In medical rehabilitation, temperature sensing is commonly used

to monitor the body, which can be a reference for health. 2]

In the field of medical rehabilitation, monitoring body temperature at different locations can
reflect the body's state (both physiological and psychological) in real time. For example, the
potential fatigue and psychological tension during the rehabilitation process can cause
temperature variations due to sweat evaporation.” In addition, some disease-induced
disabilities have distinct thermal characteristics (either high or low) at the extremities due to
abnormal blood circulation and metabolism state. For example, the foot temperature of some
diabetic patients can be about 5 degrees Celsius higher than that of healthy people. Long-term
monitoring of body temperature by using flexible temperature sensors is convenient and can

effectively prevent medical abnormalities such as foot ulcers.**”
3.3.3 Multifunctional simultaneous sensing

Simultaneous detection of thermal and mechanical signals is challenging due to the coupling
problem; however, it is possible. Five mainstream existing multisensory (mechanical and
thermal) detection modes have been developed. The most conventional multisensory model is
for temperature and pressure sensors to be placed on different parts of a prosthesis (Figure 7C
and 7D).”*? Integrating the two sensors into one substrate would provide a higher spatial
resolution.!"*!1% Nonetheless, both types mentioned above cannot intrinsically measure two
signals simultaneously at one point, resulting in a waste of valuable space at key locations
(like fingertips). The development of novel dual-parameter sensors that transduce different
stimuli into separate signals can minimize signal interference, allowing the detection of both
temperature and pressure at a single point without decoupling analysis.!"""******! In Figure 7E,
by taking advantage of independent thermoelectric and piezoresistive effects, a dual parameter
device can simultaneously transduces temperature and pressure stimuli into separate electrical
signals."” Another potential solution is to measure pressure and temperature in a single
parameter, which is more efficient data collection. The first stretchable e-skin that decoupled
temperature and strain in a single parameter is shown in Figure 7F." The e-skin has a
simple electrode-electrolyte-electrode structure, where two variables (temperature and strain)
are derived from analyzing the ion relaxation dynamics: the charge relaxation time of the
capacitance as a strain-insensitive feature to measure absolute temperature, and the
normalized capacitance as a temperature-insensitive extrinsic feature to measure strain. In the

demonstration, it can provide real-time thermal information, force directions, and strain
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graphics in various tactile motions (shear, pinch, spread, torsion; Figure 7G). Another
promising multimodal detection method based on machine learning is the “cross-reactive”
sensor matrix. Instead of responding to certain specific stimuli like conventional “lock and
key” sensors, this sensor has the ability to respond to a wide range of stimuli. Utilizing
machine learning methods to directly analyze the coupled multimodal data, these devices can
achieve a certain degree of decoupling. This approach greatly reduces the complexity of the
sensor mechanism and structure.””'" These dual-monitoring devices greatly enriches the

external information that can be acquired by prosthetic haptics.
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Figure 7. Temperature sensors and applications in medical robotics. A) A PTC temperature

sensing array. B) Temperature mapping after touching the sensing sheet. A,B) Reproduced

with permission."™ Copyright 2015, The Authors, published by National Academy of

Sciences. C) A prosthetic hand integrated with pressure and temperature sensors on different

regions. D) The robotic hand touching and identifying hot and cold cups. C,D) Adapted with
23



permission.'*”?! Copyright 2017, AAAS. Reprinted/adapted from ref. ***!. The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC). E) An e-finger assembled with flexible dual-
parameter temperature—pressure sensors touching an ice cube and corresponding photograph
temperature and pressure mappings. E) Reproduced under the terms of the CC-BY Creative
Commons Attribution 4.0 International license.!"”” Copyright 2015, The Authors, published
by Springer Nature. F) A multimodal ion-electronic skin attached to a dummy hand and its
temperature/strain sensor responses under a weak unidirectional shear. G) Photo of finger
press and corresponding schematic of temperature and strain variation. F,G) Reproduced with

permission.'*" Copyright 2020, AAAS.
3.4 Chemical sensing

Although physical sensing still dominates the field, the past decade has seen an exponential
growth in the exploration of molecular detection, which provides another dimension for

human understanding of their own health condition and external environment.
3.4.1 Chemical sensing mechanisms

For chemical detection, the mainstream detection routes are electrochemical and optical
detection. Electrochemical methods are attractive due to their high sensitivity, low response
time, and long-term stability.** Electrochemistry has several main regimes for chemical
detection: the amperometric approach (including voltammetry and chronoamperometry)®"
based on redox reactions, the potentiometric approach (based on the Nernst equation),’®!*!
and electrochemical impedance spectroscopy (EIS) based on analyzing surface properties
changes caused by affinity binding.'”** In addition to conventional electrochemical biosensing
techniques, the transistor-based approach, including field-effect transistors (FET) and organic
electrochemical transistors (OECT) also show great promise owing to their ability for in situ
amplification of the detected signal.'*>**®! For optical methods there are also two prevailing
techniques. One is based on the colorimetric method, whose principle and structure are
simple, but more difficult to reach high sensitivity. In recent years, with the popularity of
smartphone cameras, the quantitative measurement of color is highly attractive for in-home
monitoring of optical sensors.”” The last method is the fluorescence approach, where the
wavelength of the light emitted is larger than the wavelength received, which is more

sensitive and suitable for trace substance measurement.!?*®!
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3.4.2 Chemical sensing applications

Chemical sensors for prosthetic and robotic applications have been less investigated than
mechanical and thermal sensors. From a bionic perspective, human skin does not have
accurate chemical sensing capabilities, but rather uses mechanoreceptors to sense chemical
contact and nociceptors to perceive chemical damage. However, there are enormous quantities
and types of chemicals in the environment (e.g., gases, food, toxins, etc.), where rapid and
accurate identification of these substances could provide the user with essential information
about the environment. Thus, adding chemical sensing capability to prostheses can prevent
users from being exposed to harmful chemicals, such as organophosphate pesticide residues in
agricultural products, and subsequently reduce the potential risk of harm."*** Moreover, some
researchers have also proposed the employment of chemosensing in daily diets.”"
Furthermore, the chemical and biomolecular information collected by the e-skin from the
human body could greatly benefit the design of next-generation HMI toward personalized

robotic rehabilitation.

Although chemical sensing is not sufficiently developed for prosthesis, in the field of health
monitoring, sweat chemical sensing (including electrochemical and optical modalities) is
well-studied and highly relevant to rehabilitation exercises.'**”! Sweat detection can respond in
real-time to changes in the volume and rate of sweat loss,**"***! as well as the concentration of
various ions and metabolites in the body."*2%! In this regard, sweat can potentially
communicate to the user about health and rehabilitation progress, informing the user when to
rehydrate and replenish electrolytes. Moreover, some diseases of the locomotor system
provoke abnormal elevations of metabolites and biomarkers, such as L-dopa in Parkinson’s
disease2*! uric acid in gout,™! which are very important evaluation factors. In addition to
monitoring patient fatigue, sweat sensing can also be used for psychological applications by
monitoring the level of stress hormones such as cortisol and norepinephrine.****" In this
promising field, many in-situ, multi-channel devices are emerging.””'* Recently, a fully
integrated wearable sensor array for multiplexed in-situ perspiration analysis was reported,
where the sodium, potassium, lactate, and glucose content of sweat can be measured
simultaneously by electrochemical methods. Conventional commercially available integrated-
circuit components (more than ten chips) can be applied on a FPCB to serve as data
processing and transmission.”™! Integrating in-situ sensing, on-site processing, and data

transmission together, chemical sensing platforms can achieve the goal of continuous, real-
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time sensing of ions and metabolites, which is crucial to obtain more comprehensive

knowledge about a wearer’s well-being.
3.5 Other Sensing Techniques

While the skin has receptors for sensing mechanical and thermal information, there are no
specific receptors that sense humidity. Rather, the human brain is able to "perceive" wetness
indirectly by analyzing mechanical and thermal information (normal pressure and tangential
adhesion between the liquid and the skin as well as heat conduction of the liquid).™**% Such
mechanisms, which may require intelligent cross-sensor algorithms, are not available in the
current e-skin. Existing flexible humidity sensors are mainly fabricated by accommodating
different transducing materials, such as graphene, CNT, and MoS,, on flexible substrates. The
change in the resistive or dielectric properties of these materials as they absorb moisture is
used to reflect the humidity in the air.”*** Due to new sensing mechanisms, e-skin can
exhibit greater functionality beyond the human skin, such as proximity®®?%! and magnetic
field sensing,*'*? which can be seen as complements to the natural skin capabilities,

allowing HMI devices to obtain richer information about the external environment.

Other mechanisms of flexible health monitoring in rehabilitation, like optoelectronic?*2% and
ultrasound?*®! devices, can also be applied to heartbeat, pulse oximetry, blood pressure, and
other on-body measurements. As an example, organic flexible LEDs and photodiodes are
driving the application of photoplethysmogram (PPG) in the wearable sector. PPG uses
optical differences between the vascular and other tissues or oxygenated and deoxygenated
hemoglobin to measure heart rate,”® blood oxygen,”*"! and other in-depth cardiovascular

information.?®®
3.6. Discussion

In this section, the mechanisms and applications behind pressure, strain, temperature, and
chemical sensors are discussed for human-machine interfaces in medical robotics. In many
cases, the sensing capabilities of each have surpassed human skin in terms of function and
performance, which is crucial for the development of artificial limbs with the same or better
sensory function as human limbs. This allows the users to better perceive the information
around them. Providing real-time monitoring of human motions and physiological signatures
provides rich data for the field of disability rehabilitation, which is conducive to the

formulation of personalized rehabilitation strategies to achieve better rehabilitation results.
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Despite the rapid expansion of all these flexible sensors in the last decade, there are still many
challenges to be investigated. First, flexible sensors attached to prostheses and human skin
generally require compliant flexible characteristics, which places a limit on the thickness of e-
skins. Normally, ultra-thin e-skins have better mechanical compliance, but their mechanical
strength decreases significantly with their thickness. How to endow flexible sensors ultra-low
thickness and high strength through material selection and structural design will directly
determine the performance and durability of these interfaces. Secondly, fabrication of large
area e-skins is challenging. Most of the existing research on flexible sensors are miniaturized
proof-of-concept. Large-area fabrication must still comply with conformal design from 2D to
3D, signal crosstalk handling, the self-healing requirement, as well as the low preparation
costs (time and money). Thirdly, the principles of bionics have not been fully developed and
applied to electronic skin, like moisture detection. Lastly, further sensing capabilities beyond
human skin still need to be explored, especially in chemical detection, as reliable chemical

sensing opens up another dimension for the human to perceive the external environment.
4. Electrophysiological recording

Electrophysiological signals carry a wealth of information about the human body. One
prominent parameter carried through the nervous system is movement intention. Motor
intention originates from the primary motor cortex of the brain and is transmitted from the
central nervous system to the peripheral nervous system in the form of electrophysiological
signals, which are translated into mechanical contractions of the muscles.”! Such
bioelectrical signals propagating through the nervous system can be detected both in vivo and
on the skin’s surface (using electrodes). Subcutaneous invasive electrophysiological signals
can be derived through brain interfaces,*’**"* using electrocorticography (ECoG)“"** on the
cortical surface as well as local field potentials (LFP)??>?7% extracted from electrodes inserted
into the cortex. Invasive recording techniques routinely use peripheral in vivo tissues with
electroneurography (ENG)?7?7® and electromyography (EMG),*”>% which can record
peripheral nerve activity and muscle electrical signals respectively. Non-invasive
electrophysiological recording is also widely accepted and can be extracted on the skin’s
surface. Common wearable techniques include electroencephalography (EEG),*!*! surface
electromyography (SEMG),3%% and electrooculography (EOG),5 which capture the
electrical activity of the brain, muscles, and eye movements respectively. Utilizing these

electrophysiological signals to capture and decode the movement intention can provide a
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natural way to control prosthetics. Thus, the vast number of studies on different interface
locations and various probing devices to record electrophysiological signals have established
the foundation of user-communication with prosthetics.**?¢*7l Another popular detection
technique for electrophysiological signals captured via invasive and wearable devices is
electrocardiogram (ECG),*# which cannot be used for prosthetic control, but does provide

auxiliary information for disability rehabilitation monitoring.

There are two broad categories for electrophysiology recording - implantable (also known as

sensing neural interfaces) and non-invasive (also known as wearable electrodes) recording.*"-

#2Of the two, non-invasive sensors are more extensively researched and is generally
preferred by many patients. Compared to commercially available rigid electrodes based on
silicon wafers and rigid packaging, flexible electrodes are also more biocompatible (details
described in section 2) and can adapt to the complex tissue geometries of the human body, ***
21 such as sulci in the cerebral cortex,®%*" bundled peripheral nerves,”® and stretching
motions on the skin.”! In this section, we will mainly review flexible implantable and

epidermal electrophysiological recorders for medical robotics.
4.1 Invasive modalities

Implantable electrodes that are embedded under the skin or inserted into the target tissue,
especially around deep or delicate tissues, are more accurate than non-invasive electrodes as
they obtain substantially more biological signals. Various electrodes, with different materials,
shapes, and characteristics, can be places on or in the human brain, peripheral nerves, and

muscles to record ECoG,”™! LFP,*"" ENG"" and EMG""! respectively.
4.1.1 Sensing neural interfaces

Biocompatibility is the determining factor for the safety and stability of implants in long-term
chronic operation (see section 2).°* Apart from the biocompatibility, the requirements of
implantable sensing neural interfaces for good performance lie primarily in the device
impedance, and hence conductivity and capacitance. As impedance adds noise to the signal,
lower impedance electrodes are expected to have a higher signal-to-noise ratio (SNR) overall.
Moreover, low electrode impedance combined with the distributed capacitance between the
electrodes and the recording amplifier will enhance the high-frequency response performance

of the electrode.*®!
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Materials underlying the biocompatibility and electrical properties of the implantable devices
are constantly developing. Traditional commercial implantable neural interfaces (e.g., Utah
electrodes®™ and Michigan electrodes™) typically contain noble metals®® (high
conductivity and chemical stability), and silicon-based materials™®' (ideally suited to existing
microfabrication techniques) as electrodes. With further evolution of processing technology,
these materials can be fabricated into ultra-thin and ultra-fine forms, thus enabling high-
density integration, as well as endowing some flexibility.'**'"! Recent advancements in soft
and nanomaterials have opened up more options for flexible recording electrodes, like
conductive polymers (e.g., PEDOT)?>*"?l and nanomaterial composites (metal-based, CNT,
graphene)*>""l Apart from the conductive functional materials, the insulative packaging
materials are also a critical part of sensing recorders. Many popular insulating soft materials
have been used for packaging sensing electrodes,”'® such as PI,""***! PDMS,”*!#%? hydrogel,

1323.324] etc., as they have suitable mechanical, dielectric and biological properties.

Recently, there has been a focus on wireless transmission of data and energy for flexible
implants, which can reduce messy wires and improve user mobility and social interaction.*!
Moreover, given the damage of the surgery to the human body, fully implantable non-
removable devices should be operational for a long period of time (ideally lasting a full
human lifetime) to avoid the surgery associated with frequent battery replacement. Recent
advances in wireless charging and self-powered technologies have been established to limit
the number of times a user must undergo replacement surgery.”*®! Specifically, recent studies
have demonstrated the feasibility of piezoelectric,**” near field communication (NFC),**! and

ultrasonic technologies™™ in power supply and data transmission.
4.1.2 ECoG and LFP

As invasive brain monitoring electrodes, ECoG and LFPs play an important role in examining
motor intention and elucidating the fundamental pathogenesis of various neurological
disorders, such as epilepsy and Parkinson’s disease.****!l ECoG and LFPs can be delineated
depending if they are inserted into the cerebral cortex. LFP recorders mostly use
microelectrodes to penetrate directly into the cerebral cortex, which capture more accurate
and deeper brain signals. In contrast, ECoG electrodes are generally placed on the surface of
the cerebral cortex and can collect signals without penetrating the tissue, with a larger
recording area with relatively less damage to the brain.””””’ Harvesting these brain signals as an

information source bring three distinct advantages to HMI. Firstly, the brain acts as the source
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of motor intention, which is essential to reduce the delay time between conscious action and
robotic actuation.”**! Moreover, the high spatial and temporal resolution of ECoG and LFPs
can provide finer and more accurate control signals for prostheses as the neuronal areas can be
recorded independently at a higher density.””**** Beyond these, as the recorders directly
interface with the brain, they circumvent the communication and control channels in
peripheral nerves and muscles, which is of great significance for patients with damaged

peripheral nervous systems or other severe spinal cord injuries.”*!

From the perspective of information richness, it is apparent that a one-channel recording
neural interface is not the best choice, especially for brain-machine interfaces (BMIs). Thus,
neural interfaces are rapidly evolving in two conceptually different,”*** but complementary,**
directions (high integration**"! and flexibility'®"). Flexible electrode array is an attractive
approach to combine high density and flexibility, increasing data collection. Conventional
BMIs with probe-like morphology for LFP recordings are generally small and rigid.™®! As
materials and manufacturing processes evolve, more micro-wires are becoming flexible
alternatives to microneedle arrays, which are able to remain relatively stationary as the brain
moves, improving signal stability while reducing tissue damage.*****?! An exemplary case is a
flexible filamentary bioinspired neuron-like electronic, which consists of a polymer-metal-
polymer structures. The bending stiffness of this implant is comparable to that of a neuron’s
axon, enabling biocompatible high-resolution LFP recording.”'”! Referring to another brain
(ECoG) recording, ultrathin film electrode arrays are a promising and widely adopted option
for electrodes used on the surface of the cortex, owing to its high recording density in a non-
penetrating fashion.?®*334 With this format, a multiplexed neural interface with capacitive
electrodes incorporates high spatial resolution with long-term temporal mapping capabilities
on a thin PI substrate (Figure 8A). In this device, the thermally grown silicon dioxide (t-SiO,)
serves as a biofluid barrier as well as a dielectric medium, providing both encapsulation and
capacitive functions (Figure 8B). To verify the feasibility of the device, the arrays were
implanted over sensorimotor cortices in monkeys, which presents a stable long-term
recording. (Figure 8C).*"! As another representative type of flexible structures, the mesh
structure also distinguishes it for both inserted and superficial neural implants owing to its

stretchability and adaptability,!-48-3501
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4.1.3 ENG

Electrical activity recorded from efferent axons in peripheral nerves provide another
alternative for monitoring motor intention. In contrast to the neurons hidden in the cortex,
peripheral neurons have a cable-like morphology. Various adapted peripheral electrodes have
been proposed, such as implants around the nerve (cuff electrodes®!! and flat interface nerve
electrodes (FINE)®?), longitudinally through the nerves (wire®™ and longitudinal
interfascicular electrodes (LIFE)™*), and through the nerves via shafts (such as transverse
interfascicular multichannel electrodes (TIME)®*!"). To accommodate peripheral nerve
movement and deformation, most of the above electrodes are moderately flexible. For these
cable-like peripheral nerves, the flexible cuff electrodes (both spiral®®*7 and helical*>**>!
shaped) are the most common ones that must be mentioned."**! In this type, spiral means that
the ability to circumscribe the nerve, which somewhat limits the variation in nerve diameter
(nerve growth), unless the electrodes are stretchable spiral cuffs.”">*! For helical electrodes,
self-morphology is an attractive property.”*? As shown in Figure 8D, an electrode inspired by
climbing twining plants for neural recording and stimulation was fabricated."””® This device
mainly consists of an array of serpentine electrodes (Au, 200 nm thick) and PI strips (2 um
thick) on matching substrates of shape memory polymer (SMP; ~100 um thick; Figure 8E)
that enabling devices wrapped on nerves under body temperature. In vivo Vagus nerve
stimulation was carried out on a rabbit to demonstrate the validity of the device (Figure 8F).

Nevertheless, ENG signals have a low signal-to-noise ratio and limited stability."%!
4.1.4 EMG

The exploration of electromyography for prosthesis control is based on the assumption that
the user’s intentions can be extracted from the activation of the remnant muscles.***! In
contrast to surface EMG, implantable EMG has many advantages, such as higher signal
quality, less movement artifacts, and the ability to record small and deep muscle activity.?¢¥
Generally, two methods, penetrating or surficial (those between the epimysium and the skin),
undertake the EMG recording.”®® The penetrating electrodes are mostly rigid enough to
maintain their structural integrity in the muscle.*™**! In contrast, surface electrodes generally
are more flexible,*****! whose morphology in the limited space between this epimysium and
the skin is either 1D or 2D thin electrode layers*"**’! or very tiny electrodes (millimeter or

even sub-millimeter level).P®¥2 As a representative case of tiny wireless electrodes,

millimeter neural interface (‘“neuron dust”) provides a promising and effective solution to
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record electrical activities of various neural tissue.*"**™ In one representative example, an
ultrasonic backscattering concept-based neural dust demonstrated stable wireless ENG and
EMG recording from the sciatic nerve and the gastrocnemius muscle respectively (Figure
8G). In the neural dust, a piezoelectric crystal receiving ultrasonic pulses acts as a wireless
power supply and data transmitter, a single custom transistor serves as a data transducer, and a
pair of recording electrodes can be integrated on a PI substrate of size 0.8x3x1 mm (Figure
8H and 8I)."’% The microscopic size of these “dust” also opens up the possibility of injectable

implantation, which greatly reduces the difficulty and expense of implantation.
4.1.5 ECG

Studies toward ECG recording, an important physiological indicator for patient health, also
facilitate the development of rehabilitation. In fact, the heartbeat is an autonomic response
without intend control, thus, ECG signals cannot be applied to control prosthetics. In the
disability rehabilitation, monitoring ECG signals still provides useful information for
analyzing the relationship between rehabilitation intensity and body load. Also, ECG
monitoring provides immediate alerts such as arrhythmia, bradycardia, tachycardia, heart
failure, etc.”® Unlike static neural implants mentioned above, in vivo ECG recording
equipment on the surface of the heart is subjected to dynamic movement.*”>~"*! Consequently,
leveraging this biomechanical beating to energize the implant is a unique feature of some
ECG monitors compared to the other aforementioned electrophysiological recorders.”” As

implants, flexible self-powered ECG devices have been explored through piezoelectric, **-#!

13823831 and photovoltaic®* methods. For example, Figure 8] demonstrates a

triboelectric
TENG-powered ECG recording system conformed around a pig heart. Owing to the
triboelectric material, which couples the contact electrification and electrostatic induction
mechanism in the heartbeat (Figure 8K), and the structure, the device successfully performed
real-time wireless cardiac monitoring (Figure 8L).*** This self-powered approach holds the
promise of true freedom of movement for rehabilitators. However, both invasive and wearable
ECG measurements require electrodes to be placed directly on the surface of human tissues,
which can cause discomfort to the user. In recent years, the rapid emergence of PPG is a
potential alternative monitoring solution for ECG, as it can obtain superficial vascular
information through infrared optical signals, while being placed comfortably around the

finger, ear, or forehead in a non-contact way.*®
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Figure 8. Implantable electrophysiological recorders. A) A neural interface was implanted
epidurally over rat’s cortex to record UECoG. B) Exploded view of the high-definition neural
interface for yuECoG mapping. C) Corresponding recorded tECoG signals. A-C) Reproduced
with permission.*"! Copyright 2020, American Association for the Advancement of Science.
D) Bipolar twining electrodes integrated on the sciatic nerve for ENG recording. E) Layout of
the twining electrode. F) Recorded ENG signal evoked by the shaking of the anesthetized
rabbit’s leg. D-F) Reproduced under the terms of the CC-BY Creative Commons Attribution
4.0 International license.*® Copyright 2019, The Authors, published by AAAS. G) Optical
image of an ultrasonic neural dust. H) Exploded view of the key components of the EMG
recording system. I) EMG signals recorded by the neural dust. G-I) Reproduced with
permission.*”?! Copyright 2016, Elsevier. J) Photographs of a TENG-powered ECG recording

system conformed around a pig heart. K) Exploded view of the ECG recording system. L)
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The filtered ECG recorded in vivo. J-L) Reproduced with permission.*® Copyright 2016,

American Chemical Society.
4.2 Non-invasive methods

In recent years, the emergence of designs and technologies resembling ultra-thin epidermal
electrodes,®”*%31 multichannel large-area electrodes,” % and flexible hybrid integrated
systems in the field of flexible electronics™**! has brought unlimited possibilities for non-

invasive physiological electrical recording in the field of medical robotics.
4.2.1 Skin surface electrophysiology

Non-invasive electrophysiological recording techniques are more common than invasive
procedures as their convenience and safety can relieve users from the risk of surgery.
Compared with neural implants, epidermal electrodes are suitable for large area and long-term
recording. Vast non-invasive electrophysiological signals are widely investigated and used for
prosthetic controlling, including EEG,**#7¥! sEMG,"*>*%*! and EOG,"*****!, in academic
laboratories and commercial products. As the most common brain signal in clinical
applications, EEG has been widely utilized in prosthetics and other HMI applications. ?8>3%
The richness of EEG signal is an advantage, but it also brings the complexity of decoding. In
the context of non-invasive interfaces for controlling mechanical hands, a concrete possibility
arises from forearm surface EMG: a technique by which muscle activation potentials are
gathered by electrodes placed on the patient’s forearm skin. These potentials can be used to
track which muscles the patient is willing to activate and with what force. Surface EMG is
therefore, in principle, a low-cost and specific way of detecting what the patient wants the
prosthetic to do.**" EOG is a technique that measures the resting potential of the retina by
using two electrodes placed on the subject's face. In this case, eye movements can be detected
by calibrating the potentials in a simple and stable way."**"! Lastly, extracorporeal
monitoring is the most popular form of ECG monitoring, which provides a real-time response

and long-term monitoring to rehabilitative exercise load and assesses exercise capacity. ™!

4.2.2 Epidermal electrodes

Modern commercial clinical electrodes mainly rely on bulky metals (Ag/AgCl), interfaced
with conductive gels, which are uncomfortable to wear, irritates the skin, and tends to dry out.
This makes them unsuitable for daily, simple, long-term recording. In contrast, flexible dry
epidermal electrodes based on conductive materials and stretchable structures overcame these
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drawbacks. Due to its low Young's modulus and excellent stretchability, the flexible electrode
can form a relatively stable combination with the skin, which can effectively reduce the
contact impedance in measurement and increase the SNR (by reducing movement artifacts)."”
Moreover, by virtue of the lightweight and ultrathin structure, the flexible epidermal
electrodes can achieve aesthetics, comfortability, even imperceptibility for daily long-term

electrophysiological recordings.

The need to provide mechanical compliance on the human skin, combined with the demand
on low electrical impedance, has brought forth a wave in development of materials and
structures for epidermal electrodes. The stretchability and conductivity of epidermal

electrodes often comes from metal“*>*%! or intrinsically stretchable conductive materials (like

[386] [407] [408]

conductive polymers, liquid metal or percolation networks of graphene and
nanomaterials'®') electrodes with delicate structures (e.g., serpentine flexure®*#). In
addition to mechanical and electrical performance, two noteworthy challenges remain for the
comfort and longevity of epidermal electrodes: adhesion and permeability. From the
perspective of adhesion, interface microstructures, glue and chemical treatment of the
interface,™''*'?! have been proposed for intimate attachment on skin. In permeability issue, the
accumulation of sweat can lead to adhesion off delamination increasing motion artifacts and
contact impedance, irritating the skin, or directly causing device failure. Gas permeability
enables sweat to evaporate with the flow of air, while liquid permeability enables sweat to be
discharged directly outside the device. To improve permeability, a number of structures have

been explored, including textiles, meshes, and porous architectures.”>741%!

Researchers have developed various versatile epidermal electrodes with high performance
that can universally measure EEG, EMG, EOG, and ECG through placing electrodes on
different areas of the skin.**'*! One of the advantages of flexible over rigid electrodes is that
they are suitable for mounting to complicated morphologies on the skin surfaces where space
is limited. For example, in the case of EEG measurements, the auricle and mastoid (around
the ear) can serve as effective points for the flexible reference/grounding electrode and the
recording electrode respectively because the auricle is electrically isolated from the scalp and
the mastoid is on the scalp (Figure 9A). To install the electrodes on the complex topography
of the auricle, an epidermal electrode, consisting of filamentary serpentine traces (300-nm-
thick and 30-um-wide patterns of Au with 1.2-um-thick layers of PI above and below) and

elastomer (Ecoflex) was designed (Figure 9B and 9C).**" The feasibility of epidermal
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electrodes with single-channel recording electrophysiological signals has been proved in
many studies. The spatial mapping ability limited in a small region and single signal channel
greatly hinders the information density of these devices. Therefore, multichannel, large area,
even body-scale epidermal systems are of interest to researchers.*’”’ As demonstrated in
Figure 9D, a high-density epidermal sensing array consisting of 17 mesh electrodes is
integrated on the residual limbs to record EMG signals for prosthetic applications. The fractal
mesh-shaped electrodes are made of Au/Cr by conventional microfabrication techniques. The
Pl-coated encapsulated interconnects provide electrical insulation and mechanical strain
isolation, and additionally the microporous soft silicone layer provides a highly permeable
interface with the skin (Figures 9E and 9F). This large area electrode has demonstrated the
feasibility of mounting on the head, back, and stump for different electrophysiological
recordings.”®! In recording system, signal processing and transmission can bridge raw data
from epidermal electrophysiological recording systems with user-friendly output devices
(cellphones, smartwatches). In this signal loop, on-site signal processing is beneficial to
reduce the loss of sensing information and filter noise as well as improve the transmission
efficiency and enable the system to be fully portable.'*'® In order to ensure the connection
stability of electrical signals and the computing ability of processing circuits, commercial
silicon-based chips, FPCB technologies,*'”" and stretchable hybrid circuits are exploited to
incorporate the critical signal conditioning, processing, and wireless transmission
functionalities using readily available integrated-circuit components. A high integrated 3D
stretchable electrophysiological recording system can be attached on the side of the face to
record EOG (Figure 9G). As shown in Figure 9H and 91, benefitting from the serpentine
structure of Cu interconnections and stretchable substrates, the device can be mounted on
human skin conformally and maintain stable electrical performance under stretching.
Moreover, the multilayers structures greatly miniaturize the devices, which enhances space
utilization.”'® Although such flexible hybrid electrophysiological systems have been reported,
their comfortability to practical healthcare and medicine is limited due to the rigid
components. Recently, a fully ultra-flexible organic differential amplifier that can record weak
human physiological potentials with high signal integrity was reported (Figure 9J). By the
design of the OFTF structure (Figure 9K) and circuit strategy for a differential amplifier, the
device successfully realizes the acquisition and processing of ECG signal with fully flexible

circuit (Figure 9L).1*"
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Figure 9. Non-invasive electrophysiological recorders. A) Optical image of an integrated set
of electrodes on the auricle and mastoid to record EEG. B) Schematic illustration of the
flexible EEG electrodes. C) Typical raw EEG output signals (Including eye closure at 30
seconds). A-C) Reproduced with permission."*!! Copyright 2015, The Authors, published by
National Academy of Sciences. D) Photographs of multichannel epidermal electrodes on
residue limbs for surface EMG recording. E) Exploded view of the large-area epidermal
electrodes. F) EMG recordings results of different channels. D-F) Adapted with permission.
881 Copyright 2019, Springer Nature. G) Camera image of a stretchable three-dimensional
integrated system on the side head of subjects to record EOG signal. G) Exploded view of the

key components of the EOG recording system. I) Corresponding recorded EOG signals versus

different gazing angles. G-I) Reproduced with permission.”*'®! Copyright 2018, Springer
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Nature. J) Picture of a fully flexible electrophysical-recording system attached to the human
chest to measure ECG. K) Cross-sectional diagram of an ultrathin differential amplifier
circuit. L) The differential output ECG signal amplified by the ultra-flexible circuit. J-L)
Reproduced with permission.”'”! Copyright 2019, Springer Nature.

4.3 Discussion

In this section, the classification of electrophysiological signals, and medical robotic
applications are the focus of the description. Different electrophysiological signals have
different application scenarios and unique advantages in HMI systems. In order to obtain
these physiological signals, the development of flexible implantable and epidermal electrodes
has been instrumental, where the choice of materials and the design of stretchable structures
are the priorities of research for both. However, implantable electrodes are more specialized
and require special structures to adapt to in vivo tissues, while in contrast, electrical
recordings from epidermal electrodes tend to be universal. Both implantable and epithelial
electrodes are on the fast track and they face both shared and specific challenges waiting to be

addressed.

A common feature of implants and epidermis is the pursuit of ideal materials (including
functional materials, encapsulation materials). In terms of functional materials, the key issue
is how to achieve the most fidelity electrical measurements according to the equivalent circuit
between tissue and electrode, which is closely related to the device interface impedance.
Another key is the consideration of encapsulation. The focus of encapsulation materials for
implantable devices is biocompatibility and hermeticity. A proper encapsulation ensures, on
the one hand, that rejection by the body is minimized and, on the other hand, that the body
fluid environment does not erode the device. In this regard, natural biomaterials may be a
breakthrough. For epidermal electronic packaging is hoped that it has high strength, high
elasticity, lightweight, and breathability. The bond of flexible electronics on internal and
external human tissues is another key problem. The floating movement of the device in the
body environment will directly lead to the failure of the record, and even cause infection,
resulting in life danger. How to stabilize the device to the surface of the tissue without
affecting the electrical function requires highly on the design of interface materials and
structures.*® At the same time, the fixation of the device should also consider the
replacement problem. The adhesion of epidermal electrons also needs consideration of

irritation to the skin and the effect on impedance to the interface.
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5. Communication

The primary function of the somatosensory nervous system is to act as a communication
pathway between environmental bodies and our perception of the world."*"! Specifically, the
ability to record and distinguish each sensation allows people to assess possible dangers as
well as experience the space they are inside."**"! This process begins with signal transduction
of sensory information, discrimination of important signals (neural decoding), and
comprehension of the event (neural encoding).**?! The given transduction pathway occurs via
triggered mechanoreceptors, nociceptors, thermoreceptors, and proprioceptors, which
respectively provide the sensation of touch, pain, temperature, and motion."**** Upon
receiving their respective stimuli, these receptors destabilize afferent neurons, which at a
certain voltage threshold can convert the physical sensation into an electrical pulse (a spike).
The spikes then collectively travel through the nervous system and carry information up into

the brain where it is subsequently processed and interpreted for conscious thought.**!

The most prominent communication pathway in our body, by size alone, is the skin. ! The
sensation of touch on the skin provides users the ability to distinguish pain, hold onto objects,
and discriminate different materials.*'"! Inside the palm, the perception of touch is specifically
received via tactile afferent neurons located in the glabrous portion of the hand, primed with
millisecond-level discrimination of objects.'**’ The time it takes to recognize an event is
dependent on the processing speed from each contributing neuronal cell as well as the density
of cells present in the contact area.””! The signals received by the brain can thereby be
processed based on the amplitude, number, frequency, location, and type of receptors

triggered.
5.1 Sensory relay in medical robotics

Unfortunately, the transduction of external signals into the brain using prosthetics and
rehabilitation robotics cannot follow the same communication pathway due to the lack of
interface between the mechanical parts and the human body. While in vitro and on-body
artificial sensory neurons can communicate to batches of afferent cells using optical methods,
they currently lack the ability to selectively connect with individual neurons (Figure 10A).
1426427) Degpite the biological benefit of direct neuron communication, without single cell
precision, artificial sensory neurons cannot communicate an accurate spatiotemporal relay of

each signal to the user, which in turn makes it harder to discriminate environmental stimuli in
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many cases. The problem with inaccurate communication channels in medical robotics is that
it goes against visual cues from the user leading to cognitive confusion,***! which is the

number one reason why 40% of amputees reject wearing a prosthetic device.!"!

The alternative to installing a direct (invasive) communication line into the nervous system is
to redirect the signals onto active tissue on the surface of the skin based on the type of sensory
information provided. While this technique is simpler to perform experimentally than invasive
methods, there are nuances in adapting the stimulation modality to the user while minimizing
cognitive confusion."”*?¥! Specifically, users prefer a modality-matched feedback system
where vibrations are felt as vibrations and temperature is felt as heat.!"”’ The most common
indirect communication methods currently on the market are electrocutaneous, vibrotactile,
skin stretching, and auditory cues."*! For auditory stimulation, researchers found a reduced
cognitive effort in interpreting different hand gestures using sound cues in contrast to relying
on vision alone."” Hand amputees have been shown to differentiate painful (noxious) and
safe (innocuous) tactile sensations using pulse width and frequency modulated transcutaneous

electrical nerve stimulation (a shock) on their residual limb (Figure 10B).*"

There are many tradeoffs to investigate when developing and utilizing these wearable
feedback electrodes as a communication interface. In electrocutaneous stimulation for grip
intensity, amplitude modulation is the most important parameter for accurate association and
comprehension of the received stimuli; however, amplitude modulation is also known to be
susceptible to sensation adaptations.”*!! In contrast, while pulse frequency modulation is
harder for users to associate with grip intensity, it has been shown to be reliably discriminated
over a longer period of time."" Long-term comprehension of a signal must therefore be
evaluated separately from short term accuracy. Additional electrode parameters to optimize
are the surface area, material, and adhesion of the stimulation device. While a larger contact
area with the user’s skin allows for a higher signal discrimination, in practice most devices are
limited by the available surface area on the extremity (most notably when on a finger).**!
Therefore, it is important to optimize these design tradeoffs not only based on the initial signal
being relayed, but also on the personal situation of the patient. The continual advancement of
novel relay modalities provides an interface for transmitting different external signals to the

user, allowing them to interact with their physical reality.
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5.2 Time delay in feedback sensors

Regardless of the feedback modality chosen, signals should be transmitted to the user
relatively fast for the patient to have enough time to decode, recognize, and respond to the
sensation. In abled-bodied patients, the latency period for tactile sensations to reach the
cuneate nucleus is 14-28 milliseconds. Any delay beyond 300 milliseconds will further result
in a user-perceived lag."*?! Unfortunately, for multiple signals, this poses a problem as
electronics are limited by the amount of data they can process simultaneously. Furthermore,
processing multiple signals in parallel can result in electrical interference between the sensors
due to a small current induced from an adjacent wire’s magnetic field. Transistor switches can
minimize the magnetic overlap by sending signals asynchronously, but this additionally adds
to the processing delay time. Recently, an asynchronously coded e-skin (ACES) was
developed that can simultaneously transmit information from 10,000 sensors using only a
single wire with a latency period of 1 millisecond (Figure 10C and 10D)."**! Further research
into processing data without electrical interference while minimizing the time delay can help

maximize the amount of data that medical robots can extract from their environment.

Adding onto the time delay in signal processing, most electronics use von Neumann
architectures (first introduced in 1945), which separates the memory and central processing
units (CPU; executes commands) in a device, allowing only a small bandwidth of
communication between the two components. Practically, this means that every time the
computer looks up or stores variables, data, and files, the program being executed by the
CPU’s thread will have to stop and wait as the memory is being accessed. The limited
communication line between the two units leads to the well-known von Neumann bottleneck:
the inherent idle time in receiving information from computer memory due to the small
transfer rate between the CPU and stored memory."** Researchers have been trying to
increase this bandwidth (the pathway between the two systems) by increasing the number of
transistors on a chip (following Moore’s law); however, the ability to compact more
transistors together without losing functionality due to massive heat generation is beginning to

slow down as processing nodes decrease past 2-3 nm.*>7

Another approach researchers have taken to mitigate the von Neumann bottleneck is to safely
parallelizing data flow between the CPU and memory — like how the brain accesses
information using multiple neurons at the same time without any interference.'*® By

parallelizing the CPU’s data access, one can transfer more information (using the same
41



transfer rate per bandwidth) in the same amount of time. Recent studies have investigated this
neuromorphic model using artificial intelligence to create non-von Neumann architectures.**”!
One such promising artificial intelligent model is the Spiking Neural Network (SNN) design.
In SNNss, data is only sent when a given node receives an input voltage (a spike) above some
threshold, allowing multiple nodes to be activated at the same time. In literature, SNNs
have been used in dynamic neuromorphic asynchronous processors with an insignificant time
delay, outperforming other modern von Neumann architectures in accessing stored data.™ !
Further research into the integration of ML in computer architectures can enhance data
utilization and parallelization, fundamentally changing the speed at which computers transmit

information.
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Figure 10. Informational transform in HMI. A) A power-efficient skin-inspired
mechanoreceptor transducing pressure signals into digital frequency signals directly for
optogenetic stimulation. Reproduced with permission.””” Copyright 2015, AAAS. B) A
neuromorphic interface producing receptor-like spiking neural activity for tactile stimuli
feedback. Reproduced with permission.**” Copyright 2018, AAAS. C) Illustration of artificial
receptors asynchronously transducing tactile events into pulse signatures. D) Artificial
receptors generate tactile events with spatiotemporal structures (dashed lines) that encode the

stimulation sequence. C,D) Reproduced with permission.**! Copyright 2019, AAAS.

5.3 Artificial sensory neurons

Another promising neuromorphic design for communication is artificial sensory neurons,
which have already been applied to measure tactile, noxious, and mechanical stimuli.**"! The
general schematic for an artificial sensory neuron consists of three portions: an initial sensor
that receives environmental stimuli (such as a pressure sensor), a transducer that converts the
signal into a voltage pulse (like in neurons), and a transistor that integrates and transmits the
signals to the user. Artificial sensory neurons are commonly used for muscle stimulation, and
were recently applied to create a reflex arc inside a cockroach’s prosthetic limb."**" Artificial
sensory neurons have been used to enhance user performance while reading braille by
producing auditory cues when different letters are recognized."™! Integrating artificial
intelligence into these neurons, researchers further developed a neuromorphic tactile
processing system (NeuTap) that acquires tactile sensory information with a 0.4% accuracy

for spatiotemporal features.'**?!

By mimicking their biological counterpart, artificial sensory neurons act as a natural interface
for communicating external stimuli into the body. Non-invasive communication in artificial
sensory neurons generally involves optical stimulation of the cells. The advantage of optical
transduction is that the light is low energy (visible or infrared) and the device is robust and
flexible. In the future, the neuromorphic, flexible, and biocompatible design of artificial
sensory neurons will allow researchers to possibly integrate the sensors directly into the

central nervous system, opening the door for possible single neuron communication.
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5.4 Artificial intelligence in medical robotics

Artificial intelligence (Al), specifically machine learning (ML), in data communication can
enhance the accuracy and reduce the volume of sensory information needed, uncovering
hidden — possibly overlapping — features present in the data. In machine learning, there are
three general subcategories of algorithms used to model a new system: supervised learning,
unsupervised learning, and reinforcement learning. For the purposes of stimuli identification
and feature analysis in HMI devices, one should train the algorithm with real data, limiting the
number of mistakes made in the process by performing supervised learning. This section will
therefore only focus on supervised learning modules, the most common being convolutional
neural networks (CNN), support vector machines (SVM), k-nearest neighbors (KNN), and

artificial neural networks (ANN).

Convolutional neural networks are used for extracting information from photos by
interpreting (classifying) different features inside an image."***! For sensory data in medicine, a
common application of CNNs is to diagnose patients from an EEG, EMG, or ECG recording.
During classification, CNNs extract quantifiable information from these images (which are
represented by a matrix of numbers) by first downsizing or sectioning off key areas of the
photo into smaller matrices,**! where each color pixel is represented by three integer RGB
values ranging from 0 to 255. Down-sampling is achieved by convolving (sliding) different
matrix filters across the photo and remapping the data into a new array that can be used to
identify different features inside the image.'***! As a simple example, the convolution of a

vertical edge detection filter is shown below:
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By searching for the non-zero values, it is now clear from the new array on the right that there
is a vertical line feature in the middle of the image matrix on the left, which can be further
sent off for processing and labeling inside the neural network. In practice, CNNs use multiple
filters to extract different key features within a photo. For medical robotics, CNNs can be
applied to textile-based tactile sensors to classify human poses, motions, and other user
interactions (Figure 11A-11C).['"*#***l CNNs have also been widely used to analyze and
identify tactile maps generated from grabbing onto objects as well as quantifying their weight
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(Figure 11D and 11E).!"*¥! CNNs have additionally been shown to detect Alzheimer’s disease
in MRI images."**! It is worth noting that similar analysis can be performed using artificial
neural networks, just by extracting the key features first (without using a matrix filter). By first
preprocessing EMG data, ANNs were shown to classify 17 hand gestures from 6 EMG
electrodes with an accuracy of 83%,* as well as 5 hand gestures from 8 EMG electrodes
with an accuracy of 98.7%.1**"" The benefit of CNNs over other ML algorithms (such as
ANNS5s), however, is that there is little preprocessing required on (most) imaging data as the

information will inevitably be compressed later inside the network.

Unlike convolutional neural networks, the support vector machine and k-nearest neighbor
algorithms classify data by first grouping the points into different subcategories. Support
vector machines segment the space by defining a boundary plane to maximally separate the
greatest number of similar points (specifically focusing on the edge points at the boundary).
Meanwhile, the k-nearest neighbors algorithm classifies incoming data by minimizing the
(weighted) distance between each testing group’s points (i.e., each point is classified with the
closest group’s label while minimizing the total error). If the input points (the features) cannot
be well separated into different groups, one can further apply a kernel function to remap the
data into a higher dimension where it is easier for boundary lines to section off the
information. In medical robotics, the KNN algorithm has been shown to outperform other ML
techniques (including SVMs) for proprioception sensing when training a soft robotic hand to
recognize its bending and twisting angles.!"”” Meanwhile, SVMs have been successfully used
by soft robotics in tactile sensing to identify objects with an accuracy of 98.1%."“*! The
drawback to using these algorithms is that the input features to the ML models might not be
readily available. For example, EEG, EMG, and ECG data outputs a semi-continuous flow of
points, most of which are not relevant or hidden by noise. Much of the data needs
preprocessing to first extract useful features in the correct format. In practice, the final
accuracy of these models is highly dependent on the feature extraction and preprocessing
methods chosen, as clean data (good features) yields a high accuracy. Therefore, research into
different pre-processing techniques for ML applications is imperative to demonstrate the

success and applicability of SVM and KNN algorithms in medical robotics.

With an abundance of ML techniques available, it can be daunting picking which algorithm
will benefit a given dataset the most. Unfortunately, there is no formal proof that any ML

algorithm will enhance the classification accuracy of medical data above randomly guessing.
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It is rather in practice that one sees the learning capabilities that ML offers. The inability to
formally postulate whether ML will enhance the accuracy in a dataset beforehand partly stems
from the possibility of bad and misused data present in the input samples. Furthermore,
human sweat, slight deformations in sensors positions, and electronic degradation can adjust
on-body readings that no longer match the feature-space mapped out by the model. This

results in the natural decline of the ML accuracy over time.
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Figure 11. Machine learning for tactile sensing in HMI. A) The flow figure of a scalable

tactile glove as a platform to learn from human grasps. B) The design of the tactile glove
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architecture and the calibration results of the force sensors. C) Optimization of the ML
algorithm for the recognition of commonly grabbed objects. A-C) Reproduced with
permission.!"®! Copyright 2019, Springer Nature. D) Example images and tactile frames of
some words pressed on a pressure-sensitive vest. E) The relationship between classification
accuracy and sensor resolution in confusion matrix of ML algorithm. D,E) Reproduced with

permission.!"*! Copyright 2021, Springer Nature.

Another issue commonly overlooked in ML applications is sampling enough data points
across all gender, race, age, and sexuality.”*! One recent and prominent example of
misapplying ML across a population is Amazon’s facial recognition software (Rekognition)
that was launched in 2016 and sold to several government agencies. Despite performing well
in training groups, in practice, Rekognition was found to preferentially label innocent people
in minority groups as potential criminals.'*” Such prejudice is actually quite common in many
other Al-based facial recognition platforms used in industry, despite racial bias in ML being
well-documented in the literature. In practice, when trained across the whole population, ML
models preferentially mislabel people from minority groups, but when applied to each
individual subgroup the models maintains their high accuracy.”'! Recognizing that there is a
racial, gender, sexuality, and age component in medical data reaffirms the need to account for
such factors in ML applications in medical robotics to prevent the algorithm from finding a

local optimum that overfits the majority of the population while underperforming on minority

S. [449,451]

group

5.5 Discussion

Communicating external sensory information to a patient is an important step in establishing a
connection between the user and their phantom limb. There are two main routes researchers
can take in relaying sensory feedback information: invasive contact with the nervous system
and external stimulating the user’s limb. When stimulating the user in response to an external
impulse, matching the feedback modality of the stimulus (when possible) results in a lower
cognitive effort for the user to recognize and react to the event. When multiple signals are
provided to the patient at once, minimizing the idle time between data processing and user
relay is important to maintain spatiotemporal information about the signal as well as match
the expectation from visual cues. ML and other neuromorphic architectures offer a way to
speed up this processing time, which is currently limited by electronic interference and the

von Neumann bottleneck. Through advancing communication channels in rehabilitation
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robotics and prosthetics, medical robotics can be fully integrated into the user’s daily routine,

allowing for higher user acceptance of many therapeutic technologies.
6. Actuation

The inherently soft and stretchable skeletal muscles, including the muscle bellies and tendons,
are the natural mechanical actuators in the human body."? Through the leverage of joints,
changes in length and tension of the muscles are translated into rotational movements and
forces.**! Take the human hand for example. The human hand can achieve various dexterous
gestures with almost 23 degrees of freedoms (DOFs)."** In contrast, most commercial
prostheses have only about 4 DOFs!*34! due to the complexity of computing control signals
for multiple rigid motors. Although motor-driven prostheses are precise and adaptable, their
low mechanical compliance, high stiffness, and heavy weight are substantially different to
natural human limbs, which may lead to physiological and psychological rejection of
prostheses by amputees.'*” Despite these issues, prosthetic actuation has repeatedly been
shown to enhance rehabilitation recovery through assisted motion actuation*® and heat

therapy® after paralysis, muscle injury, or loss of limb.**

Soft robotics allow for flexible artificial actuation and can act as the base for flexible sensing
electronics (as discussed above) for prosthetic and rehabilitation applications. Currently,
various soft mechanical”®*! and thermal actuators'®***'l have been extensively adopted as
artificial muscles and heat sources in prosthetic actuation. The most attractive features of soft
actuators over rigid prosthetics are their high biocompatibility and biomimicry*® (on top of
their mechanical compliance, lightweight, silence, high power-to-weight ratio, and safety),
which can naturally conform to and imitate the human muscle. The main issue with the
current rigid and metal-based medical devices is that they carry a risk of causing irritation or
damage to the human body, which can negatively affect rehabilitation. Soft-robotic systems
therefore show great potential in medical and wearable applications. >4 In this section, soft

mechanical and thermal actuators alongside their HMI applications are discussed in detail.
6.1 Motion actuators

Developing artificial muscles that have a high-power density and fast response times, like
natural muscles, have been a hot area of actuator research. Researchers have focused

tremendous efforts on the development of soft actuators on human scales, such as pneumatics,
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tendon-like, and EAP soft actuators, which are expected to revolutionize the potential

directions and applications of robotics,**%! prosthetics,****” and rehabilitation. %468
6.1.1 Pneumatic actuators

Soft pneumatic actuators can be deformed in a controlled manner through inflation or
evacuation of special structures™®! or external binding modes (fiber shells).”*™ Broadly
speaking, there are two types of pneumatic actuators: PAM-pneumatic artificial muscles
(known as McKibben actuators) for linear actuation*’'*"*! and FEA- fluidic elastomer
actuators, which are composed of low durometer rubber and driven by relatively low air
pressure (3-8 psi) for bending."”**®! In contrast to the rigid robotic hands with limited DOFs,
pneumatic soft hands can achieve continual deformation with a simple input signal, resulting
in self-adaptation that is comparable to the high DOFs in human hands.*""*® As a
representative case, Figure 12A illustrates a fiber-reinforced FEA robotic hand with optical
multifunctional sensors embedded inside for strain and pressure sensing. In the functional
demonstration, the soft prosthetic can not only perform dexterous operations in a self-adaptive
way by controlling the inner air pressure, but it also achieves a variety of tactile sensing
functions through simple artificial nerve innervation. Due to its sensing and actuating abilities,
the soft hand has been successfully applied in grasping and HMI scenarios (Figure 12B and
12C).">! Bionic elements can also be added to the pneumatic hand design to achieve a more
realistic gripping effect, such as flexible joints and hard finger bones, which can be achieved
through FEA and plastic respectively.”’® Unfortunately, the softness of the pneumatic
prosthesis brings uncertainty in modeling and control. In addition, issues like slow actuation

also limit pneumatic applications.
6.1.2 Tendon driven actuators

Tendon driven actuators have been used in robotics for a long time. The name is a generic
term, because the “tendon” can be powered by many sources, such as shape memory alloys
(SMAGS),"1 SMPs, 8% and thermo-responsive polymers !, Each power source has its own
advantages, but, unfortunately, they are all too slow for prosthetic actuation. In this section,
we will therefore only discuss actuators that can be applied to medical robotics, exclusively to
the most widely implemented motor-based tendon driven devices. In these devices, cables in
the forms of variable length tendons are embedded in soft or rigid skeletons to provide a

controlled deformation.***! Compared with pneumatic actuating methods, tendon driven
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grippers have a higher grasping speed and strength.*3*4%! As an example, Figure 12D shows a
low-cost, 3D-printed tendon-driven prosthetic hand, which optimizes the relationship between
grasping speed and force by using a continuously variable transmission (CVT) system. In no-
load, CVTs have a large radius and fast spool drive (Figure 12E), but also apply a small total
force because the moment arm is large. At high loads, the exact opposite is true (Figure 12F),
where the soft hand achieves an ideal self-adaptability for grasping (there is a trade-off
between strength and dexterity).*" It is worth noting, most single tendon drive does not have
the ability to actuate bidirectionally (no "push" and self-recoverability), so multiple cables are

required to recover structures,**®4¥”! similar to how human agonist and antagonistic muscles

move.
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C) A hand shaking using the soft pneumatic hand. A-C) Reproduced with permission.!>
Copyright 2016, AAAS. D) Schematic of a tendon-driven prosthetic hand. E) Time-lapse
image of the tendon-driven hand catching a thrown ball. F) Demonstration of the tendon-
driven hand crushing an aluminum can. D-F) Reproduced with permission.”®! Copyright
2018, AAAS. G) Schematic of an EAP based artificial muscle. H) Lifting heavy objects by
using the artificial muscle. I) A self-sensing planar HASEL actuator powering a robotic arm.

G-I) Reproduced with permission.'®? Copyright 2018, AAAS.
6.1.3 EAP actuators

In contrast to soft pneumatic actuators that demand gas supplements and tendon driven
actuators that require motors, EAP actuators are activated directly through electrical signals.
14884891 However, the actuation stress, strain, and efficiency of EAPs (aforementioned in section
2.1.4) are problematic in applications to prosthetics, especially for ionic polymer actuators. "
Likewise, dielectric elastomer actuators (DEAs) at human scale can only generate relatively
low force (below 100 mN) but require a high working voltage (around 1000 kV) to operate. !
In order to amplify the force output, a lot of studies have focused on the structural design of
EAPs, like parallel connections”" and hydraulic amplification.!®**? For example, a muscle-
mimetic soft EAP transducer is shown in Figure 12G. Combining the actuating ability of
dielectric elastomer actuators and all-soft matter hydraulic architectures, the output force of
hydraulically amplified self-healing electrostatic (HASEL) actuators can be greatly amplified.
To verify the linear actuating ability of a single-unit planar HASEL actuator, a 4kg object
lifting experiment at 69% linear actuation strain was exhibited (Figure 12H). In this design,
the combination of high actuation strain and the ability to scale up to a large actuation force is
critical for the development of high-performance actuators for human-scale artificial muscles.
The combination of two planes of HASEL actuators with simultaneous capacitance
measurements can be used to reflect the actuation state of the robotic arm (Figure 12I).°* The
actuation of the EAP is silent, which is more analogous to human muscles than other

actuation modalities.
6.1.4 Motion therapy

The field of soft wearable robotics offers an opportunity for rehabilitation, especially in
motion therapy. Although various soft actuators have been proven to be effective as artificial

muscles, some of their features constrain their deployment in wearable rehabilitation
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applications, such as their heavy weight, slow actuation, dangers associated with high
operating voltages, and thermal irritation of thermally activated polymers. Because of this,
pneumatic and tendon-actuation are currently the most suitable forms of wearable
rehabilitation in soft robots. These two actuation methods can be applied to gloves,

exoskeletons, and foot orthoses, providing a new paradigm for rehabilitation devices."*!

A soft robot's ability to adapt to curved and irregular surfaces is crucial in hand rehabilitation
for people with grasping pathologies. For example, an elastomeric bladder-based robotic FEA
glove for safely distributing forces along the length of the finger can provide active flexion
and passive extension of the fingers. To produce specific bending, anisotropic fiber
reinforcements are applied to these bladders (Figure 13A).%*¥ Partial hand paralysis is one of
the most common complications in stroke patients, and mirror therapy is a promising method
for hand rehabilitation in this situation. Figure 13B introduces a pair of gloves, i.e., a sensory
glove and a motor glove, which are used to measure the gripping force and bending angle in a
normal hand and guide the affected hand with enough driving force to perform training tasks
in the same way, respectively.!” Upper and lower limb rehabilitation is a systematic work.
Cable-like actuators are more suitable to mimic natural muscles in this complex scenario
owing to their simple structures. For instance, a soft bionic ergonomic exoskeleton robot with
7 DOFs is shown in Figure 13C to assist upper-body motions and to limit stroke
complications in a natural way.*® Some diseases, like stroke, poliomyelitis, will induce
hemiparetic gait and inhibit movement. Recent years have seen the development of powered
exoskeletal devices designed to enable walking. As an example, a lightweight, soft wearable
robot (exosuit) that interfaces to the paretic limb of a stroke patient via garment-like,
functional textile anchors were reported. Exosuits produce gait-restorative joint torques by
transmitting mechanical power from waist-mounted body-worn or off-board actuators to the
wearer through the interaction of textile anchors and cable-based transmission (Figure 13D).
14941 PAM can also serve as tendon-like actuators for rehabilitation devices. Figure 13E shows
the design and control of a wearable robotic device powered by pneumatic artificial muscles
in ankle-foot rehabilitation which provides active assistance without restricting natural DOFs
at the ankle joint.'*™ Dedicated tendon driven actuating systems are suitable for bi-directional
actuation in foot rehabilitation. For example, a soft wearable 3D printed robotic ankle-foot
orthosis with a bi-directional tendon-driven actuator was proposed. Through the integration of

the device with the gait sensing module, the system has the potential to improve hemiplegic
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gait after stroke (Figure 13F)."*! While these rehabilitation strategies based on soft devices
look promising, the portability issue still overshadows their development. Pneumatic devices
are complicated by air tubes, pumps, and cable actuators with motors as the power source. All
of these challenges are also faced by heavy and rigid devices, which are the current challenges

for fully integrated wearable designs.
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Figure 13. Soft actuators for disability rehabilitation. A) A pneumatic soft actuating glove for
hand rehabilitation. Reproduced with permission.***! Copyright 2016, IEEE. B) Motor glove
with animation of tendon design for hand rehabilitation. Reproduced with permission.!**!
Copyright 2021, IEEE. C) Bio-inspired soft exoskeleton for upper limb rehabilitation to

reduce stroke-induced complications. Reproduced with permission."***! Copyright 2021, IOP
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Publishing. D) Soft robotic exosuit for lower limb rehabilitation improves walking in patients
after stroke. Reproduced with permission.**" Copyright 2017, AAAS. E) Pneumatic soft
wearable robotic device for ankle—foot rehabilitation. Reproduced with permission. "
Copyright 2014, IOP Publishing. F) Soft wearable tendon-driven robotic ankle-foot-orthosis
for post-stroke patients. Reproduced with permission."**®! Copyright 2019, IEEE.

6.2 Thermal actuators

Intimate conformal contact with the skin promoting heat transfer between heaters and skin. In
comparison, flexible heaters perform better than rigid heaters, mainly due to the difference in
conformability between the two and the skin contact interface. Most flexible thermoactuators
are based on the Joule effect.[*'34748 Recently, the Peltier cooling effect has also been used
for the thermal cooling in flexible devices (also known as semiconductors coolers). 0!
Thermal actuators provide an additional dimension beyond mechanical and electronic for

HMI. Specifically, these skin-like thermal actuators can be used for prosthetic applications,

11063021 AR/VR feedback thermal stimulators,!"'7%5%1 and thermal therapy in rehabilitation.™>

507]

6.2.1 Thermal principle

Thermodynamics are no more than heating and cooling, and the electrothermal mechanism of
these two modes are almost constant, i.e., the Joule thermal effect and the Peltier cooling
effect. The Joule heating is the thermal effect of electric current that is commonly found in
resistors. Various soft conductive materials such as thin metal,""° conductive polymers,”®!
nanomaterials,”®! etc. can be thermally actuated in the form of resistors. Under a constant
voltage, materials with high electrical and thermal conductivity tend to achieve a fast-thermal
response. For cooling, the Peltier effect means that when there is a current through a circuit
composed of different conductors, heat absorption and exothermic phenomena occur at the
junctions of different conductors with different current directions, which are usually used in n-
p semiconductors. Taking advantage of this heat absorption phenomenon, the cooling surface
temperature can be effectively reduced. However, compared to rigid thermoelectric coolers,
the performance of all flexible Peltier cooling devices is far from adequate for HMI use."'”!
Most "flexible" devices that have been developed are partially deformable by using small-

sized rigid materials embedded in soft substrates.”'"!
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6.2.2 Thermal applications in HMI

The human skin not only has the function of sensory perception, but also has the thermal
actuating capability.”'* Endowing e-skins with "temperature" can help amputees interact with
others and improve people's acceptance of prostheses in social touch situations.”® As shown
in Figure 14A, an e-skin with stretchable metal-based heaters is warmed to ~36.5°C to mimic
body temperature on artificial prosthetics. Various sensors and Au electroresistive heaters are
connected with serpentine networks and encapsulated in stretchable silicone to mimic the
human skin functions. (Figure 14B). After touching a baby doll using a robotic hand with the
e-skin, the heat transfer to the baby doll is then captured with an infrared camera, which is
similar to that of human natural hand (Figure 14C).!"" Besides, the flexible epidermal heater
can directly feedback the thermal information perceived by the sensors on prosthesis from the
outside world back to the skin of the residual limb accurately, which can also be referred to as
the AR/VR in the thermal dimension. As an example, a pliable Ag-Au nanocomposite
elastomer has been proposed. Thermal actuating patch based on this material show small
changes in resistance and stable heating properties during deformation. The softness of the
patch ensures a firm contact with the skin and reliable heat transfer even when the wrist is
flexed or extended.””! However, most thermal actuators are based on Joule heating, whose
function is to generate a higher temperature than original state. In most cases, both heating
and cooling are needed in thermal feedback stimulation. Peltier cooling is a promising
solution for the challenge. Figure 14D and 14E show a highly stretchable thermo-haptic
device to provide an artificial hot and cold thermal sensation to skin for wearable cutaneous
VR applications. The device is based upon a thermally conductive elastomer backbone and
thermoelectric materials connected with stretchable interconnecting electrode, which enables
heat transfer under maximum stretching over 230%.°°!! Heat therapy is another promising
application of thermal actuators for rehabilitation. A recent demonstration is a multifunctional
device for the diagnosis and therapy of movement disorders, which is shown in Figure 14F.
In this platform, heaters can degrade the physical bonding between the nanoparticles and the
drugs, and pharmacological agents loaded in the nanoparticles are thus diffused transdermally
(Figure 14G).""! Flexible heaters, like a graphene-AgNP-based heater, can also be combined

with traditional Chinese medicine to treat arthritis."”'*!
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6.3 Discussion

Mechanical and thermal actuations are the two dominant types of actuation both in human
body and soft artificial devices. In particular, pneumatic-based, tendon-based actuation, and
some high-power EAPs have been frequently used for broad mechanical actuation
applications, while Joule thermal effect-based thermal resistors and Peltier effect-based
semiconductor coolers are the classical players in thermal actuation. These soft actuators are
more compatible with the human body, making them promising in many fields, ranging from

bionic prosthetics to rehabilitation HMIs.

For the future orientation of soft actuators, the following aspects can be contemplated. In
many cases, multiple soft actuators need to operate in concert to achieve complex actuating
tasks. Here, the drawbacks of large misalignment of these actuators can be superimposed,
resulting in actual results that deviate significantly from the preset task. This requires either
modeling the actuator control or using a combination of flexible sensors and actuators to
achieve closed-loop control. Moreover, unlike other static devices, mechanical soft actuators
are subject to long-term dynamic changes that are highly susceptible to fatigue failure of the
device. Moreover, most soft materials are prone to oxidation, which reduces durability of soft
actuators. Therefore, Research on the durability of device materials needs to be explored in
depth. In the next challenge, although, the response speed of thermal actuators can be
improved by material, structure, power, etc. However, the recovery from high to low
temperature is usually a slow process. Such thermal inertia is a matter of concern. Last but not
least, the intimate combination of soft actuators and flexible sensors is also a new direction for
future soft system development, or the development of smart materials with both actuation

and sensing characteristics can also eliminate the heterogeneous problems in integration.
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Figure 14. Thermal actuators for medical robotics. A) Photograph of a smart artificial skin
integrated with sensors and actuators covering a prosthetic hand. B) An exploded view of the
artificial skin comprised of six stacked layers and microscopic image of electroresistive
heater. C) Images of the prosthetic limb caring a baby doll and IR camera images of
temperature mapping in this condition. A-C) Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license.!"" Copyright 2014, The Authors,
published by Springer Nature. D) Simplified illustration and exploded view of a skin-like
thermo-haptic device. E) Localized cooling and heating of hand-shaped PDMS with the
device placed beneath PDMS. D,E) Reproduced with permission.”® Copyright 2020, Wiley-
VCH. F) Image of a multifunctional wearable devices for diagnosis and heat therapy of
movement disorders. G) Temperature distribution measurement of the heater on the skin

patch. F,G) Reproduced with permission.””"*! Copyright 2014, Springer Nature.
7. Stimulation

Stimulation holds tremendous promise for prosthetic information feedback™® " and
rehabilitation.*?>'*>'”! From the perspective of haptic restoration, stimulation is the user-input
portion of the bidirectional information interface between the human body and prosthesis.
Specifically, stimulation modalities can transmit biopotential electrical, optical, or mechanical

signals to the body for sensation. Many studies have shown that feedback stimulation has the
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potential to not only regain tactile and thermal sensation in amputees,!'***'® but also improve
their accuracy and confidence in manipulating the prosthesis, such as grasping objects.!'574%!
Moreover, some subjects wearing prostheses with sensory feedback reported that stimulation
eliminates phantom pains in the artificial limbs.!""™'! In rehabilitation therapy, stimulations
have also been prescribed to treat disabilities caused by neurological disorders through neural
modulation, such as deep brain stimulation for paralysis and Parkinson's disease.*~2!
Collectively, tactile and proprioceptive restoration as well as motor rehabilitation can be

achieved by stimulating the corresponding sensory and motor nerves.

Existing literature has documented several types of stimulation methods, such as
electrostimulation, optogenetic stimulation, and vibrostimulation. These flexible stimulators
are highly biocompatible, lightweight, safe, and portable in the form of implants or wearable
devices. Thus, they have garnered the attention of academia, industry, and users. In this
section, we primarily review these flexible implantable and non-invasive stimulators for

prosthetic and rehabilitation applications.
7.1 Implantable stimulators

In recent years, profiting from the academic interest and deep exploration in neuroscience,
flexible implantable stimulators with various mechanisms (electrical,"*'~*! optogenetic,****
ultrasonic,”***"! magnetic®**') are being developed as non-pharmacological treatment options.
These flexible stimulators function by releasing (electrical and optical) signals into the brain,
2721 gpinal cord,”* and periphery nerves® to achieve neural modulation for associated

sensory perception and motor rehabilitation.
7.1.1 Electrical stimulators

Electrical signals are the predominant form of nerve excitation propagating in the human
body. Therefore, implantable electrical stimulators are widely deployed because of signal
compatibility. Compared to non-invasive electrical stimulators, implantable electrodes can be
precisely inserted or attached to specific sensory afferent and motor efferent nerves, allowing

sensory feedback and modulation therapy to be more natural and effective.

As a basic architecture, soft implants for electrical stimulation typically consist of flexible
substrates and active electrodes. The former is mechanically stable and compatible with the
neural tissue and serves to carry and protect the electrode. Common substrate materials
include PI and hydrogel, which can remain chemically inert in vivo while also providing
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sufficient dielectric strength to prevent discharge breakdown. The latter is embedded in the
substrate as a pivotal component of electrical stimulation, delivering current to the target
tissue.""™ As a general rule, electrical stimulators can be classified by their mechanism of
operation as either capacitive or faradic. The capacitive type relies mainly on the double-layer
charge at the electrode-electrolyte interfaces to inject charge, while the faradic type is based
on the redox reactions and ions movement at faradaic electrodes which provides high levels of

charge for stimulation.*

Electrode material is a decisive factor in the electrical performance of implantable stimulation
electrodes. Traditionally, capacitive and Faraday electrical stimulation occurs simultaneously
on the surface of metal stimulating electrodes (Au and Pt).”**>*! Generally, nitrides and
oxides of titanium (TiN and TiO,) are popular options for capacitive electrical stimulators due
to their chemical inertness and high electrochemical safety limitation. Faradic electrodes
based on oxides of iridium (IrOy) tend to have a higher charge capacity compared to titanium-
derived electrodes due to their excellent electrochemical properties.”*>**! In the recent
decade, various nanomaterials™'243345351 and conductive polymers®**>*¥! have also made their
way into implantable stimulation electrodes, which have higher charge injection capacity
(1~15 mC cm™) compared to conventional materials (Pt 0.05~0.15 mC cm™, TiN 0.9 mC cm
%)) Nanomaterials can constitute percolation networks that can adapt to the deformation of
neural tissue while maintaining high electrical performance. On the other hand, the
considerable surface area of nanomaterials can enhance charge injection capabilities. The
intrinsic mechanical elasticity, favorable charge storage and injection capacity of conductive
polymers provide an unparalleled option for faradic electrical stimulators. In addition, the
combination of hydrogels and conductive polymers is a hot area of research since the former
has mechanical properties similar to those of nerves and can provide a hydrophilic interface

that reduces the adhesion of non-specific proteins.*%-4

The cortex stimulator refers to the well-known stimulating brain-machine interface (BMI).
There are two main categories of stimulating BMIs. The first is penetrating microelectrodes
with low-charge/phase thresholds, high-charge density thresholds and smaller surface area,
which are more suitable for stimulating specific functional areas in a selective and high spatial
resolution way.’?*!" Although the second type, thin film flexible electrical stimulators, are
available in non-inserted way on the cortical surface to reduce damage to brain tissue, the

array density of such devices is much smaller than the first, and they are more suitable for

60



stimulation of relatively large brain areas.’***! For example, by using commercial 2D
stimulation electrodes, which consist of a silicone sheet (4 cm x 4 ¢cm in size and 1 mm thick)
and 60 electrodes facing the brain (Figure 15A), researchers have found that sensory
intensity, type of sensation, and evocation of sensation from a range of locations from the
fingers to the upper arm can be modulated by electrical stimulation (Figure 15B).5* The
stimulation in the brain is always the most direct, but also the most ethically constrained

technology, which requires a high level of assurance for safety.

Afferents and efferent projections from the spinal grey matter also carry somatosensory and
motorial information."”"*! With the aid of medical imaging and genetic labelling technologies,
epidural and subdural electrical stimulators could be integrated on spinal cord for sensory
feedback and motor function modulation in forms of linear-type probes and paddle-type
probes.®® The former is less invasiveness and easier to implant. But the latter one have a
better stimulation effect.**” In an example, Figure 15C shows a paddle like neural implants
named “e-dura”, which can have long-term biological integration in the central nervous
system of spinal cord."*! This spinal location allows for multitype stimulations, like electrical
modulation and local drug application to alleviate the neurological defects for a long time.
Finally, this e-dura was effectively exploited to restore locomotion of a rat after spinal cord
injury (Figure 15D). Furthermore, stimulation of the spine can suppress pain and restore

movement in paralyzed patients.>*"!

The common structures of peripheral nerve electrical stimulators are similar to that of the
electrophysiological recorders mentioned in section 4.1.3. They can be generally classified
into two categories, the penetrating neural interfaces (TIME, LIFE, Utah) and the wrapping
type (FINE, Cuff).?57455:35550 Most of these neural interfaces can be somehow flexible to
improve mechanical compliance for adapting to the morphology of the peripheral nerve and
improving biocompatibility. As an example of TIME, a PI-Pt-IrO; stack was inserted into the
peripheral nerve in a transverse manner with the aid of a pre-attached needle.”? LIFEs tend
to be wire-shaped and flexible to accommodate the radial bending of cable-like nerves."**’!
Some Utah electrodes also use flexible substrates to improve their adaptability to complex
surface.”*! The wraparound peripheral nerve interface can reduce foreign body reactions
caused by insertion.5®32551554 Ag an example, Figure 15E demonstrates a wireless
bioresorbable electronic system for peripheral neurons modulations. Utilizing a deposited

layer of Mg embedded in insulting polymer to deliver electrical stimuli from the receiver
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antenna to the tissue, the system successfully enhanced neuroregeneration and functional
recovery in rodent models (Figure 15F).5%! Of the three implantable electrical stimulation
protocols mentioned above, peripheral nerve stimulation is currently the most feasible and

convenient way to restore the sense of touch in humans.
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Figure 15. Invasive stimulations. A) An electrode array on the surface of somatosensory
cortex. B) Different functional cortex location on brain surface. A,B) Reproduced under the
terms of the CC-BY Creative Commons Attribution 4.0 International license.**" Copyright
2017, The Authors, published by PLOS publishing. C) A spinal electronic dura as the long-
term multimodal neural interface. D) Illustration of the e-dura implant inserted in the spinal
subdural space. C,D) Reproduced with permission."* Copyright 2015, AAAS. E) An
electrical stimulator for the regeneration of peripheral nerve. F) The electrical stimulation is
activated by a transmitting coil. E,F) Reproduced with permission.”® Copyright 2018,
Springer Nature. G) A multifunctional system with optogenetic stimulation function. H)
Process of the device injection into the brain. G,H) Reproduced with permission.”®!
Copyright 2013, AAAS. I) A wireless optoelectronic system. J) The anatomy of the system on
the spinal cord. 1,J) Reproduced with permission.”® Copyright 2017, Wolters Kluwer Health.
K) Light delivery using wirelessly powered and fully internal implants. L) The implant allows
for wireless optogenetic stimulation of peripheral nerve endings. K,L) Reproduced with

permission.”™ Copyright 2015, Springer Nature.
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7.1.2 Optogenetic stimulators

Optogenetic stimulation is based on opsins that are sensitive to light signals and only
expressed in certain types of cells. By genetically engineering these proteins into target
neurons and controlling the light around them, these neurons can be activated or inhibited,
which is particularly important for sensory and motor recovery and rehabilitation.>
Fortunately, optogenetic stimulation does not lead to muscle fatigue as prolonged and
irregular electrical stimulation does. Furthermore, optogenetic stimulation can excite nerve
cells and inhibit them, whereas electrical stimulation only excites nerves.”® Many studies
have delved into the relationship between optogenetic stimulation and neurological disorders

and control, such as Parkinson's,”” Alzheimer's,>*!

spinal cord injuries,”™ and
somatosensory nociception,***!! which have indistinguishable relationship with prosthetic
control, feedback, and human movement rehabilitation. In spite of its appealing advantages
and functions, optogenetics is still mainly exist in theoretical and animal experiments, without

few practical applications to humans, currently.

Light delivery has proven to be a vexing challenge in optogenetic applications, which
typically require implantable optical stimulators. With the advances of materials science and
manufacturing technologies, flexible light-emitting diodes (LED) % and microscale,
inorganic LED (u-ILED)”®! with biocompatibility have been reported to facilitate the
progress in optogenetic stimulation for central and peripheral nervous system. For instance,
flexible deep brain needles or wires offers the most widely adopted carrier for optogenetic
localization of cellular-scale stimulation in brain.P***>%l  Figure 15G shows a
multifunctional system consisting of u-ILEDs and photodetector for optogenetic stimulation.
This radio frequency-based optogenetics device and its successful operation for up to four
weeks represent a novel stride into closed-loop wireless optogenetic modulation for
expediting the adoption of optogenetics technologies in clinical applications (Figure 15H).55¢¢!
Optogenetics was initially applied in rodent models to control neural circuits in the brain, but
recent research efforts have shown great promise in modulating the activity of the spinal cord
and peripheral nervous system.>>* However, the application of optogenetics to the spinal cord
is somewhat limited by the complex structure, dynamic mechanical characteristics, anchorless
nature and low redundancy of the spinal cord that render stable insertion of luminescent sites
to target regions of the spinal cord almost impossible. Thus, optical stimulators for spinal cord

are generally flexible enough to be wraparound or wire-like.”*®**=71 For example, a fully
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implantable, battery-free wireless optoelectronic devices for spinal optogenetics is illustrated
in Figure 151. 5% This device design avoids the tethered operation in traditional optic fiber
implants. Based on NFC data and power transmission, the device could be implanted over the
mouse spinal cord in a minimally invasive way without impeding movement of the mouse
(Figure 15J). Additionally, for fully implantable optogenetic stimulators, the mass and size of
the devices have a nonnegligible effect on the animal’s freedom of movement and behavior by
preventing animals from entering small enclosures or engaging in normal social interactions
with others. Therefore, miniaturization or cuff shape is still the mainstream design of
peripheral nerve optical stimulators®’>>”. Figure 15K and 15L demonstrate a wireless
optogenetic devices weigh 20-50 mg, which is two orders of magnitude smaller and lighter
than previously reported wireless optogenetic systems.”’* In addition to the above mentioned
types, there are alternative stimulation modalities in optical stimulation, such as array-based
optical brain stimulators®’® and transcutaneous stimulation,””! yet some of these are

relatively restricted in their selectivity for specific nerves.
7.2 Non-invasive stimulators

Emerging noninvasive tactile stimulation methods, like transdermal electrical, mechanical
stimulation, thermal feedback (introduced in section 6.2.2), provide alternative solutions to
stimulate the human body for prosthetic and rehabilitation applications. These methods also
can serve as multidimensional, multisensory complements to VR/AR in HMI for a more

immersive and realistic experience.

Compared with implantable stimulators, noninvasive stimulators needn’t any surgical
intervention, which greatly enhances the convenience and safety of stimulation. By
mimicking the mechanical properties (modulus, thickness) of human skin, most flexible
wearable devices are becoming more comfortable and conformable than rigid stimulators to

attach on human skin directly and evoke the sensory and motor function.
7.2.1 Mechanical stimulators

Perception of the residual limb can be elicited by mechanical stimulation, such as vibration
and static force stimulation. From a physiological point of view, the type of perception
evoked by the feedback depends mainly on the different mechanical stimulation parameters.
E.g. for force stimuli, the location of the stimulus within the array, the magnitude of the force,

and even the direction of the stimulus force are all relevant factors. Whereas, the frequency
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and amplitude of the vibration are keys to generate different types of sensory information in
the vibration stimulus.”® For arraying stimulators, the feedback stimulation can be achieved

with continuous temporal and spatial variation.””!

Several mechanisms of micromechanical stimulation have been reported, common ones such
as forces generated by fluids (hydraulic, pneumatic),””**" heat-induced deformation,?¥'-5%!
etc. These mechanisms are able to output significantly larger forces and deformation for static
force stimulation. The study in feedback of arraying vectoral forces with these mechanisms is
an area of interest. For example, a matrix composed of 15 SMA-based plasters can be
attached to human skin, and the user can perceive different touch patterns through the
tangential and shear forces generated by SMAs and changes in the location of working units.
5841 Nonetheless, the low response speed and hysteresis of fluidic and heat-induced
deformation stimulators limit both mechanisms to stimulate the skin in the form of high
S.[585]

frequency vibration

When it comes to the high bandwidth vibro-stimulation, it is necessary to mention DEAs, %"

11 which naturally have the advantages like an extremely wide range of stimulation
frequencies and easy integration at high spatial density. However, there are still some
drawbacks that hinder its adoption, such as limited actuation force and amplitude, and the
need for high operating voltage (more 1kV). To solve the issue of insufficient stimulation
force, multi-layer stacking structure, or hydraulic pressure to amplify the force have been
proposed.©*3%4 In this high frequency vibration stimulation, piezoelectric stimulators based
on the inverse piezoelectric effect are also a good alternative.””>™” In addition to the
stimulation principles mentioned above, electromagnetic stimulator can balance the frequency
range and the magnitude of the stimulation force, whose mechanism is the based on the force
applied to the conductor in a magnetic field. For example, Figure 16A shows a coin-sized (18
mm) electromagnetic exciter with a milliampere operating current, a Young's modulus of 130
kPa, close to the skin modulus, and an output amplitude of 300 um (Figure 16B and 16C).>*!
However, the need for coils and permanent magnets, which are usually rigid, always makes

such stimulators occupy a large volume.
7.2.2 Electrical stimulators
Flexible epidermal electrotactile display is another haptic interface that provides stimulation

by applying an electric current through the skin surface.**” It has the potential to replace
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mechanical haptic displays owing to several advantages, such as small and thin size,
lightweight and rapid responsiveness. Electrical stimulation roughly includes two types, one
with voltage control, which is capable of reducing skin burns feeling during stimulation, and
the other with current control, which is relatively insensitive to differences in the feature of
the skin interface.”****°! [n addition to haptic feedback, electrical stimulation is also

attractive pain relief and sensory-motor control for prosthetics and orthotics.*%!
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Figure 16. Non-invasive feedback stimulation. A) Exploded-view schematic of wireless
mechanical haptic AR/VR device. B) Prosthetics application of the device. C) The device
produces a haptic pattern of sensation. A-C) Reproduced with permission.”*® Copyright 2019,
Springer Nature. D) Schematic of a self-powered electro-tactile system based on transdermal
electrical stimulation. E) HMI application of the TENG-powered electrical stimulator. F) The
generated random array and the identification recurrence results of the subjects. D-F) Adapted
with permission.! Copyright 2021, AAAS. Reprinted/adapted from ref.®. The Authors,
some rights reserved; exclusive licensee AAAS. Distributed under a Creative Commons

Attribution NonCommercial License 4.0 (CC BY-NC).

Integrating epidermal electrodes, which provide opportunities in intimate, long-term
interfaces to the human body,'®* on amputees’ remaining extremities has been tested in some
studies.®! A representative example is that subjects wearing a PI/Au-based stimulating and
sensing hybrid platform attempted to control a robot hand to grip a bottle both with and

without electro-tactile stimulation. The result illustrates that subjects with force feedback
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were able to stop grasping at any desired level of gentle touch, while those without force
feedback cannot. Moreover, in this demonstration, the facts that the parameters of the applied
current on the skin determines the tactile stimulation comfort, and stimulation with a large
current will induce muscle contractions were also verified."™ Conventional electrical
stimulators cannot work without bulky power sources, which greatly confined their
portability. TENGs provide a potential solution to achieve self-powered, wireless electrical
stimulation. Figure 16D presents a noninvasive electrical stimulation system consisting of a
TENG array for power supply and a ball-shaped electrode array for current simulation.
Subjects wearing the system can identify different virtual spatial patterns by spatio-temporal
varying electrical stimulation (Figure 16E and 16F).'°*Y Nevertheless, the variability and over
time drift of skin impedance also present perplexing challenges for electrotactile stimulation

at the same time."”®!
7.3 Discussion

This subsection focuses on the process of transferring external information into the human
body in the form of various stimulus in HMI, and summarizes the prevailing implantable
electrostimulation, optogenetic stimulation devices and wearable electrostimulation along
with mechanical stimulation devices in this field. These flexible devices serve as interfaces
that establish a solid foundation for the human body to obtain external information or to

receive therapeutic treatment.

Nonetheless there are still some distinct challenges in this area that are waiting to be
addressed. The first problem is energy supply. One of the differences between stimulators and
sensors 1is that stimulators consume much more energy than sensors. Currently well-studied
energy supply schemes are ultrasound, NFC, piezoelectric, etc. Improving the efficiency of
these existing energy supply methods and exploring new ones will facilitate the promotion of
stimulators. Next challenge is stimulation density, due to structural, material, or fabrication
limitations, the spatial density of many stimulation arrays is limited, for example, high-density
implantable electrical stimulators can easily exceed cell safety limits while achieving
stimulation margins. Multifunctional integration should also be attached attention. Various
implantable or wearable stimulators have unique advantages, and multimodal stimulation is a
potentially advantageous pooling option. Finally, the potential development of flexible

devices for many stimulation mechanisms is still not receiving community attention, such as
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acoustic stimulation, and these flexible devices can also potentially be explored as interfaces

for HMI.
8. Systematic integration

Sensors, recorders, artificial neurons, actuators, and stimulators are all devices that are based
on soft technologies that acquire and process information from external environments and the
human body. Each of these systems is thereby subjected to human movement, requiring
dexterity as the devices change shape. In a system, they can work independently, but, ideally,
each part can form a closed-loop system that is interlinked to perform more precise and
complex tasks.’%!>*! Currently, some integrated work can enhance space utilization,™! reduce
manufacturing costs,'™ and achieve in-situ information sensing, processing, and actuating

simultaneously for more accurate therapy.>*%0%!

A flexible prosthetic system has a representative flow of information with various integrated
components. For example, the electrophysiological signals recorded by a flexible recorder are
processed by machine learning algorithms to decode movement intentions, which can be used
to control a soft robotic hand. With the aid of soft robotic hand motions, flexible e-skins can
then acquire various signals from the exterior environment. Such stimuli can be further
converted into electrophysiological signals through artificial synapses, which are then fed
back into the body through flexible stimulators. All components must have good flexibility,
biocompatibility, and biosimilarity. As an exemplary case, a soft EMG controlled pneumatic
neuroprosthetic with ionic capacitive sensors and flexible stimulators was developed to reduce
manufacturing costs and achieve lightweight actuation. The on-body test of this system
showed excellent results: after 15 minutes of training, the amputee was able to use the flexible
prosthetic system to perform a range of precise gripping and social tasks, demonstrating

tremendous potential for future applications."!

For medical rehabilitation, system integration is also critical to achieve precise treatment and
assess rehabilitation efficacy. For example, implantable systems for motion-related epilepsy
rely on real-time acquisition and analysis of pre-seizure brain electrical signals and perform
compensatory electrical stimulation to eliminate abnormal brain waves and stop the epilepsy
midway.® In addition to the neurological aspects of motor therapy, flexible system
integration can also be applied to the limb, such as " mirror" therapy for the rehabilitation of

stroke patients, which is based on monitoring the healthy limb and mirroring the actuation to
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the hemiplegic limb. This combination therapy can achieve independent rehabilitation without
a guide.!™® The evaluation of optogenetic stimulation relies mainly on real-time recording of
the in situ electrophysiological signals. Consequently, many integrated flexible stimulation

systems can also perform electrophysiological recording.”?

9. Prospects and Outlooks

In today’s digital era, numerous man-made digital mechatronics products are beginning to
permeate into natural analogous human life, and the boundaries between the two are gradually
blurring. However, there is no denying the legitimate fact that the interaction between them
should always be human-centered, that is to say, to seek the maximum functionality and
performance of the device under the premise of biocompatibility. Because of favorable
biocompatibility, high bionic, low-cost, and safety features, soft electronics and devices, a
field that has emerged in recent decades, can gradually shoulder the role of bridging the gap
between the human and machines. This is especially true in medical robotics for people with
disabilities, such as prosthetic engineering, rehabilitation science and other related fields. Soft
devices involve extremely comprehensive technologies, including flexible sensing, soft
actuation, brain-machine interface and other relevant domains. These devices based on new
materials and structures integrate the information flow from the human body with that from
the external environment, and use ML methods for deep processing to control machines for
achieving target actuation effects or feedback to humans themselves in a biocompatible form.
Human expect machines in a broad term to be friendly for coexisting with human, and to
make a difference for a better living. Although the attributes of these devices are very diverse,
they also have common problems with corresponding solutions as human-machine interfaces,

which are proposed and discussed in the following.

Biocompatibility always comes first in human-machine interfaces for medical robotics.
Assuring that materials are not toxic to humans is the most elemental principle of
biocompatibility. While many conceptual devices based on various materials have been
validated in academic laboratories. However, the long-term impact of these materials on the
human body remains an uncertainty limiting the actual long-term commercial application of
the devices in HMI. An example is the discussion of the safety of nanomaterials. "% Long-
term validation experiments in animals with toxicological analysis are potential toxicity
assessment solutions. In addition, biocompatibility encompasses the fields of biomechanics,

biochemistry, and immunology, which require materials that are mechanically compliant,
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chemically inert, etc. Therefore, in-depth exploration of materials and elastic structures is a

major direction to improve biocompatibility.

Performance is the criterion for device functionality. In sensors, the balance and optimization
of sensitivity, linearity, response time, limit of detection, measuring range, hysteresis and
other properties are constantly pursued by the academic community. While for neural
interfaces, impedance in recording and charge injection capability in stimulation are key
properties. Actuation range, amplitude, frequency, response time are the criteria that
determine the performance of soft actuators. The multiple performance of the device often has
an implicated relationship, the optimization of one performance may bring another
performance limitation (such as sensitivity vs. range,""'* accuracy vs. softness”*”! etc.), how to
balance and optimize the device parameters according to the performance requirements of the

application is a point of consideration for personalized device design.

Interface issues for signal relay are a major challenge in HMI robotics, specifically for
mechanical and electrical components. There are two main types of interfaces: within the
device itself and between biological and mechanical components. For both of these examples,
interface problems mainly arise in heterogeneous integration of different materials, such as for
material bonding and embedding, which can be addressed by micromechanics, chemical
bonding links, etc.'”! Specifically for human-device interfaces, there are also macro interface
problems one must consider. For example, the large conformal attachment of prosthetic skin,
(1491 sweat trap between the wearable sensor and the skin,™ and fixation of neural implants.**"!

By addressing these key issues, one can affirm proper device function.

Sensor design should be forward-thinking, using intelligent algorithms to inform which
sensors are required for proper data analysis. The reason why humans are specialized in
perception and movement is not only due to the excellent performance of receptors and
musculoskeletons, but also because the brain is skilled in processing this raw information.
There have been many outstanding examples of exploiting machine learning in the field of
sensors and actuators, such as extracting motion intent from electrophysiological signals,
(2876101 y5ing haptics to identify object categories,!"®*®!"! decoupling multimodal signals from
cross-reactive sensor arrays,’*"'? and controlling soft robots®*¢", However, most of the
hardware research is still delinked from intelligent algorithms. Machine learning enhanced

hardware design can help limit the number of sensors and electronics needed to collect data.
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Maintaining proper power supply is another important issue in HMI devices. Traditional
tethered and battery power suffer from motion restrictions and sophisticated recharging
processes respectively, which are obstacles to the application of both wearable and
implantable devices. Researchers are currently investigating wireless-powered and self-
powered devices, which is of upmost important for invasive devices that currently require
surgery for battery replacement. For wireless energy, NFCsP®! and ultrasonic®’? are good
powering methods, but still need the energy transmitter, as well as receiving energy at a

6151 piezoelectric,*! triboelectric,?” solar®® and other self-

certain range; biofuel cells,
powered methods are prominent representatives of power supply for low-energy devices, truly
enabling the user to move freely. However, for soft devices with high energy consumption,

such as soft prostheses, the energy supply method still needs to be further explored.

The fabrication of many flexible devices and electronics is still based on manual work, which
increases the uncertainty of the device performance as well as the difficulty of mass
production. To eliminate these issues, some potential mass-processing technologies are
emerging, such as laser-based processing,****'"! roll-to-roll printing,'®®#%'! inkjet printing,'®*"!
and other technologies for flexible electronics that offer excellent and consistent performance
while ensuring fast, low-cost manufacturing. Therefore, tailoring the fabrication technique to

such mass-producible platform or exploring new processing technologies can boost the

market application of these low-cost soft devices.

System integration is the ultimate goal for biomimetic prosthetics and is a closed loop where

all the above-mentioned device types are connected.[*!

Specifically, flexible
electrophysiological recorders capture the movement intent from human body, decodes it, and
forms a prosthetic control signal. Under the guidance of the signal, the soft robots (prosthesis)
moves and perceives external information using the e-skin mounted on the actuator. In turn,
this information is stimulated back to the body in the form of biocompatible signals through
the flexible stimulator, constituting a complete closed-loop. Among these, the physical
integration of sensors and actuators, the communication and transformation of in vivo signal-

electrical signal-physical information are potentially challenges for the deepening of scientific

research. Promisingly, some prospective systematic works have been reported./¢!%!
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Flexible electronics and devices could potentially revolutionize the paradigm and future
direction of medical robotics. Herein, the materials, structures, and mechanisms in flexible
human-machine interfaces used in prosthetic and rehabilitation robots are summarized in five
primary areas: sensing, recording, communication, actuation, and stimulation. The current
challenges and outlook of these technologies in medical robotics are discussed.
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