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A B S T R A C T

Smart materials offer a significant role in on our lives covering various sensing and actuation applications in
healthcare due to their responsivity to external stimuli such as stress, light, temperature, moisture or pH, and
electric or magnetic fields. These materials are also suitable for harvesting biomechanical energies from human
motions, environment or body heat, or shaping of biofuel powered devices. This will open up the horizon for
nanoenergy nanosystems that can themselves act as self-powered sensors or be utilized as power sources for other
integrated transducers. This paper, gives an insight to the state-of-the-art micro/nano-systems that are proposed
for implantable and wearable diagnostic, therapeutic and treatment applications. The unique property of these
systems apart from the flexibility or conformability of the transducers (i.e. sensors and actuators) and the
uniqueness of their building materials, is their integration with various types of energy harvesters that makes the
whole system self-sustained or battery-free. The incorporation of these self-sustained systems into information
technology affecting smart healthcare in significant ways.
1. Introduction

Increase of elderly population, and development of chronic degen-
reative diseases leads to the growing market for wearable and implant-
able medical devices [1–5]. The biomedical applications for these devices
are ranging from diagnostics and monitoring, therapeutic and drug de-
livery, to rehabilitation and surgery [6–8]. Continuous monitoring of
human activities can help to monitor the progression of a disease, and
based on that administrate the required treatments [9–11]. Such
ecosystem in line with the progress in information technology is shaping
smart healthcare allowing patient care inside and outside of the four
walls of hospitals [12–14]. Medical devices at least include a type of
transducer (i.e. sensor or actuator) that has a direct contact with ski-
n/organ or interact with a biological substance such as sweat, tear or
blood [9,15–18]. A wide range of rigid and flexible materials have been
used so far for fabricating these devices satisfaying specific factors such
as biocompatibility, sensitivity, selectivity, form factor, strechability,
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durability, washability, and self-healing property based on the device
application [19–25]. The materials consist of semiconductors, metals and
alloys, polymers, hydrogels, and ceramics [26–32]. The responsive na-
ture of some of these materials to external stumili (e.g., mechanical,
chemical, electrical, or magnetic signals) offered their potential as active
and smart structural materials [33,34]. Thin and strechable polymers for
electronic skins [35] and brain [36], micro-machined semiconductor
reservoirs for e-capsules [37], polymer-based micro-needles for skin
patch drug delivery [38–40], shape memory alloy (SMA)-based actuators
for bladder [41–44] and polymer-based tactile sensors for prosthtic
hands [45] are a few examples of various devices that have incorporated
such smart materials (Fig. 1). Powering of medical devices specially for
implantable ones is the main bottleneck that is facing the healthcare
technology [46–48]. The ration of making the implantable
micro/nano-systems as self-powered systems that could operate for a
long time within/on body without the need of replacing their batteries,
resulted in designing devices for harvesting biomechanical energies from
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Fig. 1. From wearable and implantable devices on/in human body towards self-sustained systems for healthcare. E-capsule. Reprinted with permission from Ref. [37].
Copyright (2013) Elsevier. Electronic skin. Reprinted with permission from Ref. [35]. Copyright (2011) The American Association for the Advancement of Science.
Microneedles. Reprinted with permission from Refs. [38]. Copyright (2015) IEEE. Neurogrid. Reprinted with permission from Ref. [36]. Copyright (2015) Springer
Nature. Bladder actuator [44]. Robotic hand. Reprinted with permission from Ref. [45]. Copyright (2019) The American Association for the Advancement of Science.
(i) Wearable triboelectric energy harvester [66]. (ii) Implantable triboelectric energy harvesters [59]. Piezoelectric energy harvester. Reprinted with permission from
Ref. [70]. Copyright (2014) John Wiley and Sons. Thermoelectric energy harvester. Reprinted with permission from Ref. [55]. Copyright (2020) Elsevier. (iii) Solar
energy harvester [84]. (iv) Solar energy harvester. Reprinted with permission from Ref. [85]. Copyright (2017) John Wiley and Sons.
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Table 1
State-of-the-art technologies for wearable and implantable self-sustained systems.

Category Application Stimulation Sensing Actuation Energy harvester External
stimuli

Electrode Transistor Electrode Pressure
sensor

Shape
memory
alloy

Electroactive
polymer/
hydrogel

Infrared
laser

Triboelectric Piezoelectric Thermoelectric Solar Shadow Heat Body
fluid

Transducer-
energy
harvester/
external
stimuli

Bladder control [43] 〇 〇

Bladder control [86] 〇 〇

Neurostimulation
[87]

〇 〇

Muscle stimulation
[88,89]

〇 〇

Retinal stimulation
[90]

〇 〇

Drug delivery [91] 〇 〇

Soft robotics [92] 〇 〇

Skin laser cure [93] 〇 〇

Heartbeat
monitoring

〇 [94] 〇 [95]
[96]

〇 [41] 〇 [95] 〇 [95] 〇 [41] 〇

[96]
[94]

Wearable health
monitoring [97,98]

〇 〇

Wearable ammonia
detection [99]

〇 〇

PH sensor [100] 〇 〇

Stand-alone
energy
harvester

Blood pressure
monitoring [101]

〇

Tactile sensor [102,
103,104]

〇 [103] 〇 [102] 〇 [104]

CO2 monitoring
[105]

〇

Battery-less medical
pacemaker [2,59]

〇 〇

Proximity sensor
[106]

〇

TEG-powered pressure sensor [41]; Piezoelectric tactile sensor [102]; Triboelectric tactile sensor [103]; Thermoelectric tactile sensor [104].
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Fig. 2. Wearable and implantable TENG-based physical sensors for healthcare applications. (A) Self-powered TENG-based pulse sensor. Reprinted with permission
from Ref. [133]. Copyright (2017) John Wiley and Sons. (B) An electronic auditory platform based on triboelectric effect. Reprinted with permission from Refs. [134].
Copyright (2018) The American Association for the Advancement of Science. (C) Woven triboelectric sensor for subtle blood pressure monitoring. Reprinted with
permission from Refs. [135]. Copyright (2019) John Wiley and Sons. (D) Triboelectric yarn woven chest strap for respiratory monitoring. Reprinted with permission
from Ref. [136]. Copyright (2016) John Wiley and Sons. (E) Smart functional socks. Reprinted with permission from Ref. [137]. Copyright (2019) American Chemical
Society. (F) A TENG-based smart insole for fall detection. Reprinted with permission from Refs. [138]. Copyright (2019) John Wiley and Sons. (G) Implantable
multi-layered triboelectric sensor for endocardial pressure monitoring. Reprinted with permission from Ref. [139]. Copyright (2019) John Wiley and Sons. (H) An
implantable TENG sensor for sensing bladder volume that is integrated with a shape memory alloy-based actuator [43]. Copyright (2018) American Chemical Society.
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Fig. 3. Other types of wearable physical sensors for healthcare applications. (A) Liquid metal-based sensor for ECG and pulse monitoring. Reprinted with permission
from Ref. [16]. (2019) John Wiley and Sons. (B) Polyactic acid-based sensor for skin temperature monitoring. Reprinted with permission from Ref. [140]. Copyright
(2016) John Wiley and Sons. (C) Mechanoacoustic sensor for heartbeat monitoring [95]. (D) PZT-based sensor for artery pulse and breathing monitoring. Reprinted
with permission from Refs. [141]. Copyright (2017) John Wiley and Sons. (E) Pressure sensitive polymer transistor for pulse monitoring. Reprinted with permission
from Ref. [142]. Copyright (2013) Springer Nature. (F) Piezoelectric strain sensor for wrist motion monitoring. Reprinted with permission from Ref. [143]. Copyright
(2015) John Wiley and Sons. (G) Piezoelectric and piezoresistive interlocked ZnO NWs for pressure monitoring in e-skins. Reprinted with permission from Ref. [102].
Copyright (2015) John Wiley and Sons. (H) PZT-based sensor for blood pressure monitoring. Reprinted with permission from Ref. [144]. Copyright (2018) Springer
Nature. (I) Capacitive sensor for eye pressure monitoring. Reprinted with permission from Ref. [145]. Copyright (2017) Springer Nature. (J) Iontronic pressure sensor
for assessing pressure distribution around the limb. Reprinted with permission from Ref. [146]. Copyright (2016) Springer Nature. (K) Implantable and self-powered
blood pressure monitoring based on a piezoelectric thin film. Reprinted with permission from Ref. [101]. Copyright (2016) Elsevier.
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body itself [48–54]. Application of various types of energy harvesters
(EHs), for harvesting body temperature by using thermoelectric genera-
tors (TEGs) [55–58], daily body motions or organ movements by using
triboelectric nanogenerators (TENGs) [59–69] and piezoelectric nano-
generators (PENG) [70–74], flexible solar cells and photovoltaic (PV)
platforms for harvesting sunlight’s energy and light [75–78], converting
biochemical reactions to electrical signal by using chemical and gas
sensors [79–83], opens the horizon for making self-sustained systems for
healthcare as presented in Fig. 1.

This review will focus on the-state-of-the-art systems that are pow-
ered by integrated energy harvesting devices or triggered with an
external stimuli such as heat or biological substance. A list of proposed
self-sustained systems so far is presented in Table 1. We will first describe
flexible energy harvesting devices and their comprising materials that
form stand-alone self-powered sensors. After that, we show how the
deployment of wide range of wireless sensors forms the internet of things
(IoT) frameworks in healthcare applications. Then, we explain flexible
actuators and their related materials that have been used for healthcare
and prosthetic applications. This section also includes the proposed
flexible actuators for bladder as a case study. Finally, we show how the
integration of sensors and actuators with EHs will lead to self-powered
systems capable of both sensing and stimulation/actuating for wear-
able, implantable, drug delivery and IoT-based smart home applications.

2. Smart materials and sensors

For the sensors that need to be placed in close proximity to skin or a
soft organ such as nerve, brain, bladder, and heart, flexibility is an
essential factor since it will preserve the normal movement or function-
ality of the organ [107–112]. As a result, the substrate and subsequent
layers for these sensors are chosen from ultra-thin and bereathable
nanofiber layers [95,113,114], ultra-thin and strechable polymer layers
[28,115,116], textiles [117–120], paper [121–123], soft porous poly-
mers and hydrogels [124–126], or thin and flexible elastomers
[127–129]. Additional piezoelectricity, piezoresistivity, triboelectricity,
thermolectric, photovoltaic, ionic, and dielectric behaviour of these
materials make them attractive for smart sensing applications [117,
130–132].

2.1. Triboelectric materials as sensors

Fig. 2 presents a few examples of recent wearable and implantable
sensors by using of triboelectric materials. As shown in Fig. 2A, a tribo-
electric sensor was used to perform pulse waveformmonitoring, in which
micro-structured copper (Cu) and Kapton were employed for the sensi-
tivity enhancement [133]. By interfacing with Bluetooth, wireless pulse
signals can be transmitted to the user end (i.e., smartphone or pesonal
computer (PC)) towards real-time monitoring.

An intelligent triboelectric hearing aid was fabricated by ethylene
propylene (FEP), Kapton and porous gold (Au) electrode in Fig. 2B [134].
The auditory device amplifies specific sound regions to audible levels and
achieves tunable frequency response by boundary optimization, aiming
at broadened medical applications. Meanwhile, music recording and
accurate voice recognition were also demonstrated for perspective
human machine interface (HMI). As presented in Fig. 2C, a wearable
well-woven triboelectric sensor was developed for cuffless blood pressure
measurement [135]. The device enables subtle blood pressure detection
that is enhanced by etched polymer nanowires on polytetrafluoro-
ethylene (PTFE) surface. The extracted weak pulse signals from different
body parts, such as fingertip, ankle, and retroauricular, were wirelessly
transmitted to a smartphone for real-time monitoring.

Fig. 2D presents a textile based TENG for respiration monitoring, in
which the polyimide (PI)/Cu/polyethylene terephthalate (PET) deco-
rated fibers and 2-ply/Cu/PTFE coated yarns were rationally woven into
a smart belt as triboelectrification layers [136]. The device was attached
onto a chest to monitor human respiratory information including rate
97
and depth. Washing stability proves the potential of seamless integration
with daily wearable cloths for personalized health management. Simi-
larly, in Fig. 2E, textile based smart socks were demonstrated for gait
analysis with the vision of Parkinson’s disease diagnosis [137]. The socks
were functionalized by poly(3,4-ethylenedioxythiophene) poly-
styrenesulfonate (PEDOT:PSS) to boost the triboelectric output perfor-
mance and integrate with piezoelectric lead zirconate titanate (PZT) to
calibrate the adverse effect of sweat on triboelectric output since PZT is
resistant to sweat. The cotton socks worn daily are used to harvest the
biomechanical energy and are further employed to analysis the gait
patterns of different objects, creating the potential for the diagnosis of
Parkinson’s disease.

Fig. 2F shows a smart insole driven by triboelectric mechanism for fall
detection and alarming [138]. The TENGwas composed of Cu and rubber
for electrostatic induction and encapsulated by rubber as well, in which
the dome-shaped device was sandwiched in the insole. In the demon-
stration scenario, the as-made insole was integrated with circuit to detect
the fall that is important for patients and elderly people. As presented in
Fig. 2G, a multi-layered triboelectric structure was developed which was
implanted into the left ventricle and the left atrium for sensitive endo-
cardial pressure detection [139]. The nano-PTFE and aluminium (Al)
layers of the device were encapsulated by biocompatible poly-
dimethylsiloxane (PDMS). In addition, the self-powered implantable
electronics could be an auxiliary treatment for the function loss of
bladder. Fig. 2H presents a flexible shape memory alloy based actuator
incorporating a water-based TENG sensor for detecting the bladder vol-
ume [43]. The TENG sensor consists of PDMS and wet sponge layers
sandwiched between Cu electrodes. Flexible PET layer and polyvinyl
chloride (PVC) sheets composed the substrates for the TENG sensor and
actuator, respectively.

2.2. Resitive, piezoresistive, piezoelectric and ionic materials as sensors

Liquid metal filled elastomer microchannels have been reported as
pressure sensitive materials in Fig. 3A [16]. The 3D printed rigid bumps
above the channels increased the pressure sensitivity of the material to
small pressures. The device has been applied onto the wrist for pulse
monitoring before, during and after exercise concurrent with the commn
electrocardiogram (ECG) pulse measurements. Fig. 3B illustrates the
application of liquid metal filled microchannels as heater and tempera-
ture sensors [140]. The 3D printed glove also consists of integrated
solid-state passive components and integrated cicuits (ICs) as well as
liquid metal-based antenna for programming the heater and providing
the required thermotherapy to patients.

Polyvinylidene fluoride (PVDF) nanofiber-based mechanoacoustic
sensor was developed (Fig. 3C) for continous moitoring of heart signal
taking advantage of both piezoelectricity and triboelectricity properties
of the device [95]. The ultrathin PET polymer substrate in Fig. 3D is
capable of providing a conformal contact between the skin and thin film
PZT piezoelectric sensor for detecting tiny pulse changes as well as
monitoring human respirations [141]. A pressure sensitive polymer
transistor is shown in Fig. 3E for pulse monitoring [142]. The presence of
microstructured PDMS dielectric layer improves the sensitivity of poly-
mer transistor to small pressure changes. Piezoelectric motion/pressure
sensors made of doped graphene (GP), single-walled carbon nanotubes
(SWNTs), networks of silver NWs (AgNWs), and piezoelectric polymer
(PLA) were fabricated on transparent and deformable poly-
methylmethacrylate (PMMA) substarte and was proposed for controlling
a robot arm (Fig. 3F) [143].

Interlocked ZnO nanowire (NW) arrays on PDMS substrate (Fig. 3G)
took advantage of both piezoresistive and piezoelectric sensing capabil-
ities that made them suitable for various healthcare monitoring appli-
cations [102]. Piezoelectric PZT rods on thin polyimide (PI) substrates in
Fig. 3H have been proposed as an ultrasonic device that was capable of
monitoring blood pressure waveforms at arterial and venous sites on
neck [144]. A layer of silicone elastomer (ecoflex) between the two



Fig. 4. Wearable chemical sensors for healthcare applications. (A) Biofuel powered electronic skin for monitoring sweat analytes. Reprinted with permission from
Ref. [147]. Copyright (2020) The American Association for the Advancement of Science. (B) A flexible FET-based biosensor based on graphene-functionalized mi-
crocapsules. Reprinted with permission from Ref. [97]. Copyright (2016) John Wiley and Sons. (C) A stretchable hybrid electronic system for wireless monitoring of
sodium intake in saliva [148]. (D) A self-powered electrochemical sensing unit for lactate detection from sweat. Reprinted with permission from Refs. [149]. Copyright
(2017) Elsevier. (E) OFET-based flexible sensor for ATS detection. Reprinted with permission from Ref. [150]. Copyright (2017) Elsevier. (F) An electrochemical
carbon nanotube (CNT) fiber-based device for in situ analysis of the sweat. Reprinted with permission from Ref. [151]. Copyright (2018) John Wiley and Sons. (G) A
battery-free, wireless, and epidermal electrochemical system for in situ glucose, hydrogen, sodium, and potassium sensing in sweat. Reprinted with permission from
Ref. [152]. Copyright (2019) John Wiley and Sons. (H) A soft and smart contact lens for glucose detection in tear [153]. (I) An ear-worn device to measure ECG and
lactate and pH in sweat [154].
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Fig. 5. Flexible TENG-based gas sensors for healthcare applications. (A) A flexible respiration-driven TENG for NH3 detection. Reprinted with permission from
Ref. [155]. Copyright (2019) Elsevier. (B) A water-air triboelectric nanogenerator (WATENG) device for CO2 sensing. Reprinted with permission from Ref. [105].
Copyright (2017) Americal Chemical Society. (C) A TENG-based textile sensor for CO2 sensing. Reprinted with permission from Ref. [156]. Copyright (2019) Elsevier.
(D) A flexible TENG-powered ammonia (NH3) sensor. Reprinted with permission from Ref. [157]. Copyright (2018) Elsevier. (E) A self-powered active
triboelectric-based sensor H2 gas sensing. Reprinted with permission from Ref. [158]. Copyright (2016) Elsevier. (F) A self-powered ammonia (NH3) sensing system
powered by TENG. Reprinted with permission from Ref. [159]. Copyright (2018) Elsevier. (G) ATENG sensor for detecting aniline toxic gas. Reprinted with permission
from Ref. [160]. Copyright (2020) John Wiley and Sons.
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inductive spirals made of graphene-silver nanowire (AgNW) hybrid
electrodes in a sandwich structure shaped a capacitive sensor on soft
contact lenses for wireless monitoring of eye pressure (Fig. 3I) [145]. The
spiral electrodes defining the inductance (L), the integrated graphene
channel defining the resistance (R) and the capacitance (C) were used to
form an electrical RLC circuit for detection of the resonance frequency
changes due to eye pressure changes.
99
Iontronic capacitive sensors with flexible polyethylene terephthalate
(PET) substrates (Fig. 3J) showed the capability of integrating with
wearable garments and monitoring the interface pressure on legs [146].
As provided in Fig. 3K, an implantable piezoelectric thin film wrapping
on the ascending aorta of porcine enabled ultrasensitive blood pressure
monitoring with a good linearity between piezoelectric voltage output
and blood pressure [101].
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Fig. 6. Self-healing materials for shaping self-healing triboelectric nanogenerators (TENGs). (A) Vitrimer elastomer based self-healing triboelectric layer. Reprinted
with permission from Refs. [163]. Copyright (2018) John Wiley and Sons. (B) H-PDMS based self-healing triboelectric layer [164]. (C) Vitrimer elastomer/CNT based
self-healing electrode. Reprinted with permission from Refs. [165]. Copyright (2018) Elsevier. (D) PVA/PDAP/MWCNT hydrogel based self-healing electrode.
Reprinted with permission from Ref. [166]. Copyright (2019) Royal Society of Chemistry. (E) Slime based self-healing and transparent electrode. Reprinted with
permission from Ref. [167]. Copyright (2017) John Wiley and Sons. (F) PDMS-PU based triboelectric layer and magnetic electrode. Reprinted with permission from
Ref. [168]. Copyright (2017) Elsevier. (G) PUA based triboelectric layer and PUA/silver flakes/liquid metal based electrode [169]. (H) Putty based triboelectric layer
and Putty/CNT based electrode. Reprinted with permission from Ref. [170]. Copyright (2019) American Chemical Society.
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2.3. Chemical and gas-sensetive materials as sensors

Examples of flexible chemical sensors suitable for wearable health-
care applications are presented in Fig. 4. A flexible and perspiration-
powered integrated electronic skin (PPES) is presented in Fig. 4A for
100
monitoring of key metabolic analytes (e.g., urea, NH4
þ, glucose, and pH)

and the skin temperature during prolonged physical activities, and
wirelessly transmitted the data to the user interface using Bluetooth
[147]. The PPES consists of a flexible electrochemical patch comprising
of a biofuel cell (BFC) array and a biosensor array for energy harvesting
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andmolecular analysis in human sweat, and a flexible electronic patch on
an ultrathin PI substrate for power management, signal processing, and
wireless transmission. Also a microfluidic module was integrated into the
PPES for sweat collection.

Fig. 4B presents a flexible field-effect-transistor (FET)-based sensor
that consists of graphene-functionalized pollen microcapsules spin-
coated on an ultrathin PET layer patterned with source and drain Au/
platinum (Pt) electrodes [97]. The biosensor was used for detection of
prostate specific antigen (PSA) as a biomarker to diagnose prostate
cancer among males. A stretchable hybrid electronic system with a small
form factor is shown in Fig. 4C to enable a long-range wireless moni-
toring of sodium intake to manage hypertension [148]. The device is
composed of multiple layers, including meander-patterned interconnects
with ICs, dielectric membrane, and stretchable ground plane that are
layered on a custom-fit retainer made of low-modulus, microporous
elastomer. The hybrid electronic system includes a microstructured
ion-selective sodium sensor, signal filtering/amplification, Bluetooth
low-energy (BLE) wireless telemetry, and antenna.

A self-powered electrochemical sensing unit is introduced in Fig. 4D
[149]. The unit mainly contains a TENG, a full-wave diode bridge, a
capacitor, a resistor and a bandage-based lactate biosensor. The TENG
was made of nanostructured PDMS and gelatin covered PET/Al sheets,
and each sheet was positioned on the sock and insole separately. The
biosensor consists of metallic nanoparticles that were controllably grown
on the commercial carbon fibers and were modified with L-lactate oxi-
dase. The generated electricity from TENGwas sufficient for the real-time
inspection of the lactate concentration accumulated in the body sweat.

Fig. 4E illustrates a wearable and flexible sensor device for the rapid
and sensitive detection of drugs, particularly amphetamine-type stimu-
lants (ATS) by functionalization of the surface of an organic FET (OFET)
device with Cucurbit[7]uril (CB[7]) [150]. The OFET-based sensor with
an Al2O3 gate dielectric was fabricated on an indium tin oxide (ITO)--
coated polyethylene naphthalate (PEN) substrate and integrated on a
bracelet-type wearable with wireless communication capabilities. The
OFET wireless sensors exhibited an increase in the output current when
the device was exposed to aqueous solution of low concentrations of ATS.
An electrochemical carbon nanotube (CNT) fiber substrate consisting of
various sensing fiber units is presented in Fig. 4F [151] for the in situ
analysis of the sweat. The units were prepared by coating of CNT fibers
with active materials to make them sensitive for detecting a variety of
physiological signals such as glucose, Naþ, Kþ, Ca2þ, and pH and weave
them to the CNT fiber substrate. The detected analyte data from a subject
wearing the garment device was wirelessly sent to a custom-developed
application.

A battery-free, wireless, and epidermal electrochemical system is
presented for in situ glucose, hydrogen, sodium, and potassium sensing in
sweat in Fig. 4G [152]. The sensing component is a stretchable electrode
array all-printed with PDMS and conductive silver nanowires. A flexible
PI circuit board with near field communication module was integrated
with the sensor which enables wireless energy harvesting and data
transmission with smartphones. Fig. 4H reports a soft, smart contact lens
in which glucose sensors, wireless power transfer circuits, and display
pixels to visualize sensing signals in real time were fully integrated using
transparent and stretchable nanostructures [153]. The lens aims for
monitoring the glucose concentration in tears. Continuous networks of
one-dimensional (1D), ultralong Ag nanofibers (AgNFs) were used as
stretchable and transparent electrodes for the antenna and interconnects.
The glucose sensor consists of graphene channel patterned on Chromium
(Cr)/Au source and drain electrodes, and glucose oxidase (GOD) and
catalase (CAT) was immobilized on the graphene channel for the efficient
detection of glucose. Electric power was wirelessly transmitted to the lens
through the antenna that activates the light emitting diode (LED) pixel
and the glucose sensor. After detecting the glucose level in tear fluid
above the threshold, this pixel turns off.

Fig. 4I presents an ear-worn device to measure ECG from around the
ear, and lactate and pH in sweat by using amperiometric and
101
potentiometric sensors during physical exercise [154]. Together with
head acceleration, the acquired data was sent to a mobile phone via BLE.
The pH and lactate sensors were made over gold-platted electrodes
located on a removable ear support, which contains also the electrodes
for impedance and ECG.

Fig. 5 presents flexible TENG-based sensors for gas sensing applica-
tions. Fig. 5A presents a a respiration-driven TENG that can convert
respiratory airflow energy into electric outputs and was used to detect
multiple respiratory parameters including trace-level ammonia (NH3)
detection [155]. TENG includes a cerium (Ce)-doped ZnO-polyaniline
(PANI) nanocomposite film as the sensitive layer to NH3 on a PET sub-
strate. The respiratory air from user was pushed into a high-elastic PDMS
balloon resulting in a contact-separate motion between micro-structured
PDMS layer and Ce-doped ZnO-PANI film and triboelectrification. A
water-air triboelectric nanogenerator (WATENG) is presented in Fig. 5B
for carbon dioxide (CO2) sensing applications [105]. WATENG is
comprised of a top air layer and a bottom wetted sponge layer that is
separated via a suspended PDMS thin film at the centre. The top ITO/PET
electrode was coated with PEI to make it sensitive to CO2. Fig. 5C shows a
TENG-based textile sensor fabricated with a simple dip coatingmethod of
cotton fabric for gas sensing [156]. The sensor consists of PEDOT:PSS
coated fabric and PTFE or PET substrates. PEI was coated on the
PEDOT:PSS fabric for CO2 detection.

Fig. 5D illustrates a flexible self-powered ammonia (NH3) sensor
made from conducting PANI nanofibers (NFs) versus PVDF substrate
[157]. The triboelectric output signal was changing in exposure to
various concentrations of NH3. A self-powered active triboelectric-based
sensor comprised of palladium nanoparticles (Pd NPs)/ZnO nanorods
(ZnO NRs)/Au/PET and the micro pyramid structured PDMS/Al/PET
films separated by two spacers is reported in Fig. 5E for H2 gas sensing
[158]. The open-circuit voltage of the device was responding to H2 gas in
various concentrations. A self-powered ammonia (NH3) sensing system is
presented in Fig. 5F that consists of a NH3 sensor that acts as a variable
load resistance for the TENG [159]. The uniform PANI-multiwall carbon
nanotubes (MWCNTs) composite was coated on the PEI substrate to form
the NH3 sensor. The developed TENG consisted of two Cu electrodes
deposited on the flexible PET substrates and a PTFE film modified by
femtosecond laser. TENG not only power the NH3 sensor but its output
voltage was changing due to various concentrations of NH3 that was
exposed to the sensor. Fig. 5G shows a TENG sensor that comprised of
low-resistant reduced graphene oxide-indium oxide (rGO-In2O3) semi-
conductor composite electrode capable of detecting aniline toxic gas
[160]. By combining the TENG monitoring unit, conversion circuit, and
visualization warning lights, a visual wearable aniline early-warning
device was developed. The output voltage of TENG changed due to the
concentration of aniline at 300, 600, 90, and 1200 ppm that could
respectively lighten 3, 6, 9, and 12 LEDs.

2.4. Self-healing materials

Self-healing property of polymer materials extends the longetivity
and durabilty of soft and flexible polymer devices that have been used for
healthcare aplications [124,161,162]. Fig. 6 shows a few demonstrations
of these materials for shaping self-healing TENGs. Fig. 6A shows a jigsaw
puzzle-like self-healing TENG based on vitrimer elastomer for wearable
electronics, where the self-healing capability is enabled by the dynamic
disulfide bonds [163]. The proposed TENG was fabricated from embed-
ding silver nanowire percolation network electrode into the self-healing
vitrimer triboelectric layer, constructing the single-electrode mode
TENG. The caused cracks in the triboelectric layer can be healed when a
thermal stimulus is applied. Meanwhile, assembly and reconfiguration
including the transformation from two-dimension (2D) to
three-dimension (3D) was achieved by healing triboelectric layers of the
self-healing TENGs.

A self-healing triboelectric layer material (healable PDMS (H-PDMS))
was reported by introducing dynamic imine bonds in the PDMS network



Fig. 7. Thermoelectric materials as thermoelectric power generators (TEG) and self-powered sensors. (A) A flexible glass fabric-based TEG with screen printed Bi2Te3
and Sb2Te3. Reprinted with permission from Ref. [118]. Copyright (2014) Royal Society of Chemistry. (B) A polymer-embedded flexible TEG with Bi0.3Sb1.7Te3 films
and n-type Bi2Se0.3Te2.7 films. Reprinted with permission from Refs. [171]. Copyright (2016) American Chemical Society. (C) A rapid extrusion process of 3D-printable
composite inks to produce thermoelectric threads [172]. (D) A high-performance TEG with jet printed organic-inorganic composites [173]. (E) Self-powered TEG--
based temperature sensors made of PEDOT:PSS coated on the micro-structured PU frame [174]. (F) Reduced graphene oxide-based TEG. Reprinted with permission
from Ref. [175]. Copyright (2018) Elsevier. (G) A SWNTs/PEDOT:PSS composite film with high performance. Reprinted with permission from Ref. [176]. Copyright
(2018) Royal Society of Chemistry. (H) A self-healing and stretchable thermoelectric film. Reprinted with permission from Ref. [177]. Copyright (2019) John Wiley
and Sons. (I) A honeycomb-like paper-based TEG by folding the thin-film TEGs. Reprinted with permission from Ref. [178]. Copyright (2019) Royal Society of
Chemistry. (J) 3D thermoelectric coils fabricated from thin-film active materials [179]. (K) A self-powered gas sensing system with an organic TEG as the power
source. Reprinted with permission from Refs. [99]. Copyright (2019) John Wiley and Sons.
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(Fig. 6B) [164]. A buckled Ag nanowires/PEDOT composite film acting
as the electrode was sandwiched between two stretchable H-PDMS films
to construct a stretchable single-electrode TENG. The self-healing process
finished in 12 h at room temperature (21 �C) and 94% healing efficiency
was achieved after curing. As shown in Fig. 6C, A conductive carbon
nanotube material was added into self-healing matrix (a mixture of
Diglycidyl ether of bisphenol A (DGBEA) and oleylamine) to prepare
self-healing electrodes for TENGs [165]. In order to achieve a better
self-healing capability, a self-healing assisting layer of dynamic epoxy
network was inserted between the triboelectric layer (PDMS) and
self-healing electrode. The self-healing mechanism is based on the dy-
namic disulfide bonds in the self-healing matrix, where the exchange
reaction of disulfide bonds is induced by the near-infrared (NIR)
irradiation.

Fig. 6D shows a soft, deformable and self-healing electrode based
TENG with the silicone rubber as triboelectric layer [166]. The
self-healing capability was achieved by introducing the photothermally
active polydopamine particles (PDAP), multiwall carbon nanotubes and
water active dynamic borate bonds into a polyvinyl alcohol (PVA)/a-
garose hydrogel. The proposed TENG self-healed through either NIR
irradiation in 1 min or water spraying at room temperature in 5 min. In
Fig. 6E, a highly transparent, stretchable and self-healing TENG is pre-
sented, where the slime-based ionic conductor (a crosslinked PVA gel)
serves as the electrode [167]. With the very high bond (VHB) tape as
triboelectric layer, the proposed TENG was stretched to 700% of its
original length. Due to the hydrogen bonds interactions in slime
conductor, the damaged TENG completely self-healed without applying
any external stimuli.

Fig. 6F presents a fully self-healing and shape-tailorable TENG based
on self-healing PDMS- polyurethane (PU) film as the triboelectric layer
Fig. 8. Hybrid organic solar cell (OSC) and triboelectric nanogenerator (TENG) devi
TENG (STENG). Reprinted with permission from Ref. [184]. Copyright (2015) Els
single-electrode triboelectric nanogenerator. Reprinted with permission from Ref. [1
with a fiber-shaped dye-sensitized solar cell (FDSSC). Reprinted with permission fro
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andmagnetic-assisted electrodes [168]. The reversible exchange reaction
of disulfide bonds and hydrogen bond contributes to the self-healing
capability of PDMS-PU film. The magnetic force between magnetic
balls results in the self-healing of the electrodes. Damaged PDMS-PU film
completely self-healed at 65 �C in 2 h. In Fig. 6G, an extremely stretch-
able and self-healing TENG was developed [169]. The stretchable and
self-healing polyurethane acrylate (PUA) was proposed as the triboelec-
tric layer for TENG, as well as the matrix for its electrode. To construct
such a self-healing TENG, liquid metal particles and silver nanowires are
embedded into the PUA matrix, where liquid metal serves as the elec-
trical anchors between the embedded silver nanowires to maintain the
conductivity when the TENG was stretched or after healed. The
self-healing capability was achieved due to the hydrogen bonds in PUA
and the fluidity of liquid metal. Such a TENG can be stretched up to
2500% and self-healed at room temperature in 24 h when damaged.

A shape-adaptive and self-healing TENG based on the viscoelastic
polymer (Putty) triboelectric layer and CNT-Putty electrode is presented
in Fig. 6H [170]. The hydrogen bonds and dative bonds in Putty enable
its self-healing capability. It completely self-healed at room temperature
in 3 min without the application of any external stimuli. Besides, the
TENG can be adapted to any surfaces such as fingertip since the finger-
print can be displayed clearly. The planar 2D TENG can fold automati-
cally when placed on the surface of a cubic, and the junction lines can
self-heal to seal the inner cube.
2.5. Thermoelectric materials

Thermoelectric materials were used for fabricating thermoelectic
generators that scavenge body heat and also can act as self-sustained
sensors (Fig. 7). A flexible TEG fabricated on a glass fabric is shown in
ces for wearable applications. (A) A hybrid wearable OSC and a single-electrode
evier. (B) A self-cleaning flexible organic solar cell (F-OSC) integrated with a
85]. Copyright (2020) Elsevier. (C) A grating-structured TENG fabric integrated
m Refs. [186]. Copyright (2016) John Wiley and Sons.
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Fig. 9. IoT framework for smart sensors in healthcare applications. (A) A
wireless, soft and skin-mountable electronic device to continuously detect
various mechano-acoustic signals. Reprinted with permission from Ref. [215].
Copyright (2020) Springer Nature. (B) A miniature and battery-free device for
accurate dosimetry of electromagnetic radiation at various wavelengths.
Reprinted with permission from Refs. [216]. Copyright (2018) The American
Association for the Advancement of Science. (C) A wearable sweat analysis
patch to simultaneously detect six health-related biomarkers [120]. (D) A
full-body pressure and temperature mapping system with skin-like and
battery-free features. Reprinted with permission from Ref. [217]. Copyright
(2018) The American Association for the Advancement of Science. (E) A smart
toilet system for the long-term analysis of users’ excreta and health monitoring.
Reprinted with permission from Ref. [218]. Copyright (2020) Springer Nature.

F. Arab Hassani et al. Smart Materials in Medicine 1 (2020) 92–124
Fig. 7A [118]. The glass fabric was chosen to reduce the thermal energy
loss for high energy conversion efficiency and its high thermal tolerance
allows it to endure extreme conditions under the fabrication process, e.g.,
high-temperature annealing. The thermal couples were formed through
screen printing the Bismuth telluride (Bi2Te3) and antimony telluride
(Sb2Te3) pastes on the glass fabric.

Fig. 7B presents a flexible TEG with p-type Bi0.3Sb1.7Te3 film and n-
type Bi2Se0.3Te2.7 film fabricated with a screen-printing technique and a
laser multi-scanning (LMS) lift-off process [171]. The ambient between
the thermal pillars was filled with PDMS to increase flexibility and pre-
vent oxidation. Fig. 7C presents a novel process to produce thermoelec-
tric composite threads as another solution to the development of flexible
TEGs [172]. Here, a rapid extrusion process of 3D-printable composite
inks (Bi2Te3 n- or p-type micro-grains within a non-conducting polymer
as a binder) followed by compression through a roller-pair is proposed.
As shown in Fig. 7D, an in-situ aerosol mixing method has been devel-
oped to produce a uniform distribution of Bi2Te3/Sb2Te3 nanocrystals
within a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) matrix with a scalable solvothermal synthesis method
[173]. After the solvothermal synthesis of Bi2Te3 and Sb2Te3 nano-
crystals, the nanocomposites comprising both nanocrystals and
commercially available PEDOT:PSS were directly printed onto a flexible
polyimide sheet through the aerosol jet printing (AJP) technique.

Fig. 7E presents a TEG consisting of the PEDOT:PSS and the porous
polyurethane (PU) microstructure frame [174]. Owing to the aqueous
solution form, the uniform PEDOT:PSS film was easily deposited on the
PU networks via the simple immersion of a micro-structured PU in
PEDOT:PSS solution with 5 vol% ethylene glycol. The TEG could function
as a temperature-pressure dual sensor in which the pressure was
measured through the resistance variation, and the temperature was
calibrated by the thermoelectric voltage. Carbon materials, such as car-
bon nanotubes or graphene, are also promising materials for flexible
TEGs due to their excellent flexibility, good stability, and high power
factor [180–182]. The TEG in Fig. 7F was developed by immersing the
copper coated PDMS grid in graphene oxide (GO) dispersion [175]. The
PDMS grid was 3D printed on a Cu/(Nickel) Ni coated conducting fabric.
A SWNTs/PEDOT:PSS composite film was proposed and fabricated via
direct mixing of pristine PEDOT:PSS and SWNTs through a vacuum
filtration as shown in Fig. 7G [176].

Fig. 7H presents a thermoelectric composite material composed of
semiconducting polymeric nanowires embedded in a thermoplastic
elastomer matric, which possesses good stretchability and self-healing
property [177]. The polystyrene-block-polyisopreneblock-polystyrene
(SIS) was used as the substrate matrix to introduce stretching and
self-healing properties to the composites. Poly(3-butylthiophene-2,
5-diyl) (P3BT) was employed as the semiconducting polymer, which
was engineered to form nanowires in the SIS matrix to create electrically
percolated charge transport pathways. Besides, the P3BT nanowires were
p-doped with a molecular dopant tris(pentaflorophenyl)borane (BCF) to
enhance their electrical properties.

Inspired by the honeycomb structures, a honeycomb-like paper-based
TEG was fabricated by simply folding and bonding a planar paper-based
thermal couple as presented in Fig. 7I [178]. A thermoelectric ink with
high electrical conductivity and a low thermal conductivity consisting of
Bi2Te3 particles and bacterial cellulose (BC) was fabricated, which can be
printed on the paper substrates with designed patterns using a
pre-defined mask. The p-type and n-type coating were then connected in
series with silver pastes. This honeycomb-like structure also endows the
TEG with good stretchability. The TEG’s properties were also tested by
attaching it to the outer surface of a glass, which was filled with hot water
to create a temperature gradient of 70 K. The output voltage reached
79.8 mV, demonstrating the feasibility of the honeycomb-like TEG in
future wearable applications.

Comparatively, a novel helical coil structure is proposed as another
approach to convert thin-film active materials into compliant 3D forms as
illustrated in Fig. 7J [179]. The n-type and p-type monocrystalline silicon
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were patterned into 2D serpentine shapes and transferred onto polyimide
thin films, followed by metal junction formation and encapsulation. The
serpentine film was then bonded to a pre-stretched silicone substrate at
selective locations, and the 3D architecture was formed via geometric
transformation initiated by releasing the silicone substrate. Fig. 7K presents
an OFET-based gas sensor integrated with an organic-transistor-based
chemical sensor and a flexible organic TEG (OTEG) [99]. This OTEG com-
prises of 162 legs on a flexible paper substrate. This integration
Fig. 10. Shape memory alloy (SMA) materials in implantable healthcare applicati
Copyright (2017) Springer Nature. (B) SMA springs for prosthetic hand. Reprinted wi
Reprinted with permission from Refs. [235]. Copyright (2006) Elsevier. (D) SMA sup
permission from Ref. [237]. Copyright (2013) John Wiley and Sons.and (ii) Reprint
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demonstrates the feasibility of a self-powered sensing system for ammonia
detection.
2.6. Photovoltaic materials and hybrid energy harvesting devices

Infinite quantity and cleanness of solar energy makes it as one of the
most important renewable energy sources [76]. This energy can be
scavenaged by using of photovoltaic devices that can be sorted based on
ons. (A) Wearable robotic glove. Reprinted with permission from Ref. [233].
th permission from Ref. [234]. Copyright (2015) Springer Nature. (C) Niti stent.
port device for heart [236]. (E) Artificial urinary sphincters: (i) Reprinted with
ed with permission from Ref. [238]. Copyright (2007) Springer Nature.
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the type of their active layers. The common types of PV devices are:
silicon-based solar cells, dye-sensitized solar cells (DSSCs), organic solar
cells (OSC), quantum-dot (QD) solar cells, and perovskite solar cells
(PSCs) [77]. Solar cells can be fabricated on various electrodes such as
ITO, metals, fluorine-doped tin oxide (FTO), CNT, graphene, metal
coated polymer films and textiles, metal wires, etc [48,78,183]. Shadow
casted on photovoltaic devices can deteriorate their performance.
Therefore, a newely developed energy harvester used shadows for
power-generation and photosensing applications to resolve this issue
[106]. The shadow-effect energy generator (SEG) was fabricated from
Au/n-type silicon (Si) (n-Si) cells adhered to a flexible and transparent
PET substrate. SEG was capable of stably powering an electronic watch
and also act as a self-powered proximity sensor.

The co-integration of OSC and TENG devices provide a hybrid plat-
form capable of continuouse harvesting of multi-types of energy. Fig. 8
presents a few examples of these hybrid devices for wearable applica-
tions. Fig. 8A presents a hybrid wearable power source by integrating a
printable organic solar cell (OSC) and a single-electrode triboelectric
nanogenerator (STENG) into a flexible thin-film covered by a cloth fabric
[184]. The top flexible and transparent STENG involves a fluorinated
ethylenepropylene (FEP) film binding with an AgNWs/PI electrode. The
bottom OSC was fabricated by sandwiching a transparent active layer of
poly(3- hexylthiophene) (P3HT, Lumtec):indene-C60 bis-adduct (ICBA,
Lumtec) (P3HT:ICBA) between a top electrode of modified
PEDOT:PSS(PH1000) and a layer of electron-rich PEI, and the bottom
electrode of PEDOT:PSS on AgNWs/PI film. The capability of the hybrid
device on charging a 10 mF commercial capacitor is also presented in
Fig. 8A. The self-cleaning flexible hybrid device in Fig. 8B consisted of a
groove-shape micro/nanostructured haze thin film (GHF), a flexible
power management circuit, and a flexible organic solar cell (F-OSC) in-
tegrated with a single-electrode triboelectric nanogenerator (AS-TENG)
on a common PEN/ITO electrode [185]. The P3HT:PC61BM active layer
of the F-OSC is sandwiched between GHF/PEN/ITO/MoO3 and Al layers.
GHF (i.e. plasma treated PDMS layer) has good optical properties and
super-hydrophobicity, and improves the photoelectric conversion effi-
ciency (PCE) of F-OSC. AS-TENG comprised of PEN/ITO/GHF. Charging
performance of the F-OSC only, AS-TENG only and flexible
common-electrode hybrid system are compared and presented in Fig. 8B.

A grating-structured TENG fabric and its integration with fiber-
shaped dye-sensitized solar cell (FDSSC) is shown in Fig. 8C [186]. The
TENG fabric consisted of a slider fabric (1) in the sleeve (parylene/textile
fibers) and a stator fabric (2) underneath the arm (Ni/textile fibers). The
fiber photoanode of the FDSSCs, composed of a Ti wire coated by mes-
oporous TiO2 layer, was wrapped by a twisted Pt wire serving as the
counter electrode. Electrolyte was filled and sealed by a transparent PTFE
tube. The short-circuit current of FDSSCs, TENG fabrics, and the hybrid
energy-harvesting device are presented in Fig. 8C.

3. Internet of thing (IoT) frameworks for smart sensors

The connection of self-sustained sensors through internet to smart
devices for interactive control by users will define the internet of thing
(IoT) frameworks [187–189]. With the gradual roll out of the
fifth-generation (5G) wireless networks [190,191], the IoT framework in
the new era is expected to be equipped with ultra-fast wireless data
communication rate and real-time functionality for a broad range of
applications, such as sensing [192–194], actuation/interface [195–197],
healthcare [19,198–200], smart home [62,201,202], robotics
[203–205], security [206–208], etc. In the various aspects, healthcare
monitoring is of great significance to track and even predict the health
status of users [209–211], providing valuable information for early-stage
diagnosis and proper-action undertaking to prevent certain diseases.
Under the IoT framework, concept of body area sensor network (body-
NET) based on numerous wireless sensors deployed around the human
body [212–214], has been proposed and rapidly developed for person-
alized healthcare applications.
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A few examples of the-state-of-the-art IoT frameworks are presented
in Fig. 9. A wireless, soft and skin-mountable electronic device is
designed to continuously detect various mechano-acoustic signals when
attached on the suprasternal notch (Fig. 9A) [215]. The lithium (Li)-ion
battery in the device was wirelessly charged through an inductive
charging circuit to drive the functional operation, while the three-axis
accelerometer detected mechano-acoustic signals ranging from subtle
skin vibrations (~10-3 m s-2) to large body motions (~10 m s-2) at a large
frequency bandwidth up to 800 Hz. Then the acquired data was wire-
lessly transmitted to a user interface through Bluetooth communication.
To decouple the effect of multiple signal sources, a frequency-domain and
machine learning analysis was exploited to obtain real-time detection of
respiration pattern, heart rate, swallowing pattern, body status, talking
time and cadence, as well as other untraditional biomarkers, corre-
sponding to the tested subject’s respiration, cardiac activity, swallowing,
body motion/orientation, vocal-fold vibrations, etc.

Ambient condition such as ultraviolet (UV) radiation can also have
profound impacts on the health status of human individual, like causing
skin cancer when over-exposed, thus quantitative exposure measurement
is highly desired [219]. As illustrated in Fig. 9B, a miniature and
battery-free device based on optical metrology approaches was proposed
for accurate dosimetry at various wavelengths [216]. The device consists
of a radio frequency antenna, supercapacitors, photodiodes, a system on
a chip for near-field communication, and a transistor for measuring the
accumulated energy in form of voltage developed on a supercapacitor.
After mounted on skin surfaces of human participants under various
outdoor and indoor radiated conditions, accurate monitoring of UVA
(315–400 nm), UVB (280–315 nm), visible, and infrared (IR) radiation
was realized in multi-modes, i.e., cumulatively and/or instantaneously,
as well as individually and/or collectively. The wide detection capability
across the electromagnetic spectrum enables the device to be applied in
risk reduction in the over-exposure context and benefit optimization in
the phototherapy context.

Other than the physical monitoring, sweat monitoring in a chemical
manner is able to track multiple biomarkers related to human health
status [200]. As shown in Fig. 9C, a wearable sweat analysis patch in a
multi-sensor platform was developed based on conductive carbon textile
to simultaneously detect six health-related biomarkers in sweat [120].
The hierarchical woven and porous carbon textile with doped graphitic
structure shows excellent conductivity, rich active sites, as well as good
water wettability, making it an ideal working electrode in electro-
chemical sensing for the efficient electron transmission and abundant
access to reactants. The multi-sensors in the sweat analysis patch could
detect the concentrations of glucose, uric acid, ascorbic acid, lactate,
Naþ, and Kþ simultaneously, after which the detected signals were
wirelessly transmitted out via a Bluetooth transceiver for display,
enabling localized and real-time sweat analysis. In certain applications of
clinical healthcare, spatiotemporal mapping of the human physiological
process by distributed sensors across a wide body area is highly impor-
tant [220]. Thus, a full-body pressure and temperature mapping system
with skin-like and battery-free features was developed and depicted in
Fig. 9D [217]. The developed system with pressure and temperature
sensing components, wireless power delivery and communication com-
ponents can be deployed across the entire body. Moreover, multiple
sensor units deployed on different body parts of a human subject can
achieve a real-time pressure and temperature mapping in an adjustable
hospital bed with antenna readout, showing great potential in circadian
cycle monitoring and risk mitigation for pressure-induced skin ulcers.

Similarly, to obtain actionable biometric data for healthcare pro-
viders in longitudinal monitoring, a smart toilet system was developed
for the long-term analysis of users’ excreta and health monitoring, as
shown in Fig. 9E [218]. The smart toilet can autonomously operate
through leveraging the output signals from the integrated pressure and
motion sensors. After activation, it can analyse the user’s urine by tracing
the red-green-blue values in the urinalysis strip images according to a
standard-of-care colorimetric assay, calculate the volume and flow rate of



Fig. 11. Dielectric elastomer (DE) and electroactive polymer (EAP)-based actuators for robotic/biomedical applications. (A) An elastomer actuator based on carbon
nanotubes yarn infiltrated with the mixture of elastomer and methanol [242]. (B) Liquid crystal elastomer (LCE) based actuator with spatially programmed nematic
order. Reprinted with permission from Refs. [243]. Copyright (2018) John Wiley and Sons. (C) Ionic gel/metal nanocomposite (IGMN) based electroactive polymer
actuator. Reprinted with permission from Ref. [244]. Copyright (2017) John Wiley and Sons. (D) DEA actuator with high electromechanical performance based on
using slide-ring materials/barium titanate composites [245]. (E) 3D printed electroactive hydrogel with the application on soft robotics. Reprinted with permission
from Ref. [246]. Copyright (2018) American Chemical Society. (F) 3D dielectric elastomer fingers for versatile grasping and nimble pinching. Reprinted with
permission from Ref. [247]. Copyright (2017) AIP Publishing. (G) Soft DEA-based micropump. Reprinted with permission from Ref. [248]. Copyright (2017) Elsevier.

F. Arab Hassani et al. Smart Materials in Medicine 1 (2020) 92–124

107

mailto:Image of Fig. 11|tif


Fig. 12. Shape memory alloy (SMA)-based and other technologies for underactive bladder applications. (A) Shape memory hydrogel for bladder compression.
Reprinted with permission from Ref. [86]. Copyright (2018) John Wiley and Sons. (B) Optogenetic neurostimulation of bladder. Reprinted with permission from
Ref. [250]. Copyright (2019) Springer Nature. (C) Wireless electrical stimulation of bladder muscle. Reprinted with permission from Ref. [251]. Copyright (2019)
John Wiley and Sons. (D) Neural interface for remote neural stimulation of bladder [252]. (E) SMA-based bladder actuators [43].
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the urine by using computer vision based uroflow meter, and classify
stool by deep learning in accordance with the Bristol stool form scale,
exhibiting a comparable performance to that of trained medical
personnel. Different users of the smart toilet can be auto-identified
through the unique features and fingerprint of their anoderm, and their
monitoring data will be securely stored and analysed in an encrypted
cloud server. This developed smart toilet system shows promising po-
tential in body screening, longitudinal monitoring, and disease diagnosis
for specific patient populations.
108
4. Smart materials and actuators

Smart actuators for robotic and medical applications has been investi-
gatedwidely since they have the potential of replacing a lost organ function
in the body [221–224]. Shape memory alloys (SMAs) and shape memory
ploymers (SMPs) are among smart materials that are of interest due to the
control upon their activation by an applied stimuli [225–229]. Smart tex-
tiles actuators are also another group of actuators that are capable of
mimicking shapes and gentile movements of organisms [230–232].
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4.1. Shape memory alloys

Fig. 10 presents a few applications for shape memory alloy actuators.
SMA spring actuators in Fig. 10A have been integrated onto a glove in
order to restore the functionalities of a human hand [233]. In Fig. 10B,
SMA spring actuators have been integrated in each finger of the pros-
thetic hand to achieve a compact, silent and modular actuation system in
a rapid prototyped hand chassis [234]. Nitinole (NiTi) SMA stents are
very common for inserting in blood vessels and esophaguse for opening
the passageway (Fig. 10C) [235]. The other implantable application for
this material is the fabrication of support devices that reinstates heart
pumping operation as shown in Fig. 10D [236]. Implantable artificial
sphinctors can be applied to assist dysfunctional anal or urinary
sphincters for on-time passing of faeces and urine (Fig. 10E) [237,238].

4.2. Dielectric and electroactive polymers and liquid crystal elastomers

Apart from shape memory metals, dielectric polymer, electroactive
polymers (EAPs), electroactive hydrogels (EAHs) and and liquid crystal
elastomers (LCEs) also play an important role in defining soft actuators
and artificial muscles suitable for wearable and biomedical applications
[239–241]. Fig. 11 presents several examples of dielectric and LCE
elastomers and electroactive polymer-based actuators. Fig. 11A present
an EAP actuator based on carbon nanotubes (CNT) yarn infiltrated with a
mixture of elastomer and methanol in the form of coiled yarn muscle
[242]. By applying a DC voltage signal to the actuator, the liquid meth-
anol is heated, and vaporized when it reaches to the boiling temperature.
As the gas pressure increases inside the coil yarn, the elastomer volume
expands, and the actuation occurs. By continuing heating above the
boiling point, further expansion appears due to increase in the elastomer
pressure. After the voltage signal is off, heat is lost, and vapour methanol
becomes liquid again and the actuator returns back to its initial state.

Additive manufacturing of LCE actuators with spatially programmed
nematic order in arbitrary form factors is presented in Fig. 11B [243]. In
this work, high operating temperature direct ink writing (HOT-DIW) was
used to align their mesogen domains along the direction of the print path.
Order parameters such as actuation strain and specific work were then
characterized using this process. Ionic-polymer-metal composites (IPMC)
are among EAPs that can be utilized to fabricate lightweight soft actua-
tors that can respond to very low applied voltage (0.1–5 V) [249]. One
example of effective IPMC is shown in Fig. 11C [244]. The actuator is
based on a novel ionic gel/metal nanocomposite (IGMN) fabricated with
chemically crosslinked poly(acrylic acid) (PAA) and poly acrylonitrile
(PAN) networks blended with halloysite nanoclays (HNCs) and
imidazolium-based ionic liquid. The material exhibits mechanical prop-
erties similar to that of elastomers together with high ionic conductivity.
Thin gold nanostructured compliant electrode layers were used for the
soft polymer that provides controlled electrical properties and large
surface area for ion storage.

The dielectric elastomer actuator (DEA) in Fig. 11D was developed by
using slide-ring (SR) materials with a necklace-like molecular structure
as dielectric elastomer materials [245]. Incorporation of barium titanate
particles modified by γ-methacryloxypropyl trimethoxy silane (KH570)
into SR materials could further improve the actuation performance.
Fig. 11E presents a soft robotic manipulator and locomotion of 3D
printed EAH using projection microstereolithography (PμSL) [246]. By
modifying the electrolyte concentrations and electric field strengths,
complex soft robotic 3D actuations including gripping, and transporting
an object and bidirectional locomotion were demonstrated.

A 3D design of dielectric elastomer (DE) fingers with higher flexural
stiffness and close to 90-degree voltage-controllable bending for object
gripping and pinching is presented in Fig. 11F [247]. The DE finger was
equipped with arch flexures that shape a DEA membrane into a roof
shape to magnify the moment generation by the DEA pretension. The DE
finger with the stiff base bends rather than buckles. Applying voltage to
the DEA, induce Maxwell stress across it and relax the pre-stressed
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membrane to unbend the DE finger. These DE fingers can make a soft
robotic gripper that is able to versatile grip and firm pinch of a payload of
8–9 times the weight of the fingers. They can also make normally open
gripper that pinch highly deformable raw egg yolk. There is also a pos-
sibility of integration of tactile sensory capacitive read out with the DE
fingers to enable closed-loop force control.

A soft DEA-based micropump is presented in Fig. 11G, that was used
for microfluidic applications [248]. It operated via elastomer surface
expansion and had a similar working principle as the electrostatic actu-
ated micropump. DEA consisted of elastomer layer made from VHB
sandwiched between two complaint electrodes from carbon black. PDMS
layer was used as the insulation layer for suspended flexible membrane.
The elastomer membrane is initially flat, but it buckles upon the exertion
of tensile force coming from the attached thermoplastic spring. When a
high voltage is applied through the compliant electrodes in a cyclic way,
the membrane combined with the spring tensile force deflects in a conical
profile with size depending on the applied voltage. Thus, the volume in
the pump chamber changes and causing the pumping cycle. Higher
voltage causes the DEA layer to severely wrinkle before it ruptures.

4.3. Actuating solutions for a dysfunctional bladder as a case study

The condition of weak bladder muscle and lost bladder sensation
motivated a few research groups to focus on implantable devices that can
reinstate bladder functionality. However, the large volume changes of
the bladder during urine storage and urination makes it different from
other organs, and finding a suitable solution for it becomes more chal-
lenging. Fig. 12 presents a few examples of recently proposed solutions
for bladder by using various types of materials and operation technolo-
gies. Fig. 12A shows the application of thermoresponsive hydrogel
membrane that wraps around the bladder [86]. By applying heat to the
membrane through the integarted metal heaters, the hydrogel swallones
thus compresses the bladder. The resistance-strain correlation of the
membrane and embedded metal lines also used as a method for detecting
the bladder volume.

A low-modulus, stretchable strain gauge that can be wrapped around
the bladder has been used in Fig. 12B to monitor the volume and also
used an optogenetic neuromodulation of bladder sensory afferents to
control the bladder muscle contractions [250]. A combination of strain
sensing and direct electrical stimulation of the bladder muscle has been
proposed in.

Fig. 12C on a low-durometer silicone substrate to monitor the bladder
volume and control its emptying [251]. A comparison between piezor-
essitive and a piezocapacitive carbon nanotube (CNT) sensors has been
also made in this work to compare their responsivity to bladder volume
changes.

Neurostimulation of visceral pelvic nerves by using of flexible poly-
imide neural clip interface has been proposed in Fig. 12D for emptying
the bladder with ability of remote modulation [252]. In this work, a
TENG-based stimulator has been used for applying pulses to the interface
electrodes. Flexible SMA-based actuators in three design are presented in
Fig. 12E [43]. These actuators have been used for physical compression
of the bladder muscle for micturition. The characteristics of the actuators
are presented and compared in Fig. 12E. Spring-based SMA acturors
showed 80% voiding effiecienty for the bladder that was well above that
of the previous versions.

5. Self-sustained nanoenergy nanosystems (NENS)

Benefited by the rapid technology advancement in the field of energy
harvesting/storage and self-powered sensing, self-sustained NENS can be
realized through complementally integrating energy harvesting/storage
components with functional components. Such integrations achieve
system-level functionalities in the practical applications such as smart
home, healthcare, internet of things (IoT), and wearable electronics
[253–259].



Fig. 13. TENG/PENG and magnetic-powered pacemakers. (A) A microelectromechanical systems (MEMS) based broadband piezoelectric ultrasonic energy harvester
(PUEH) for powering an implantable pacemaker [260]. (B) An implantable TENG (iTENG) for scavenging the cardiac motion and powering a pacemaker [59]. (C) An
iTENG for harvesting cardiac motions. Reprinted with permission from Refs. [261]. Copyright (2016) American Chemical Society. (D) An implantable piezoelectric
energy generator (iPEG) for directly powering of a pacemaker. Reprinted with permission from Ref. [262]. Copyright (2019) American Chemical Society. (E) A
PMN-PZT-based PENG for powering pacemaker. Reprinted with permission from Ref. [263]. Copyright (2017) John Wiley and Sons. (F) A mini-generator system for
powering pacemaker. Reprinted with permission from Ref. [264]. Copyright (2019) John Wiley and Sons.

F. Arab Hassani et al. Smart Materials in Medicine 1 (2020) 92–124

110

mailto:Image of Fig. 13|tif


Fig. 14. TENG/PENG-powered brain electrodes. (A) Photosensitive TENG-
based powered electrical brain stimulation. Reprinted with permission from
Ref. [265]. Copyright (2020) Elsevier. (B) PENG-based powered electrical deep
brain stimulation. Reprinted with permission from Refs. [266]. Copyright
(2015) Royal chemical Society. (C) Gas sensitive TENG-based smell detector for
electrical brain stimulation. Reprinted with permission from Ref. [267]. Copy-
right (2019) Elsevier. (D) Ultrasound/piezo-based powered electrical brain
stimulation. Reprinted with permission from Ref. [268]. Copyright (2019) IEEE.

Fig. 15. TENG/ultrasound/piezo-powered peripheral and sciatic nerve elec-
trodes. (A) TENG-based powered sciatic nerve stimulation. Reprinted with
permission from Ref. [269]. Copyright (2018) Elsevier. (B) TENG-based pow-
ered vagus nerve stimulation [270]. (C) Ultrasound/piezo-based powered pe-
ripheral nerve stimulation [271]. (D) Ultrasound/piezo-based powered sciatic
nerve stimulation. Reprinted with permission from Refs. [272]. Copyright
(2020) Springer Nature.
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5.1. Battery-free pacemakers

The integration of PENG/TENG devices as the power source for
powering implanatble biomedical devices such as pacemakers envisage
battery-free and self-sustained systems. Fig. 13 presents the capability of
PENG/TENG devices for providing sufficient power to pacemakers. A
microelectromechanical systems (MEMS) based broadband piezoelectric
ultrasonic energy harvester (PUEH) is presented in Fig. 13A to power an
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Fig. 16. TENG/PENG-powered muscle, nerve, and retinal electrodes. (A) TENG-based powered pelvic nerve stimulation. Reprinted with permission from Refs. [87].
Copyright (2019) Elsevier. (B) TENG-based powered muscle stimulation [88]. (C) Ultrasound/piezo-based powered retinal electrical stimulation. Reprinted with
permission from Refs. [90]. Copyright (2019) John Wiley and Sons.
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implantable pacemaker [260]. The PUEH consists of a microfabricated
PZT diaphragm array and has wide operation bandwidth. By performing
frequency adjustment of the PUEH the power delivery can be achieved
through a thick pork tissue.

An implantable TENG (iTENG) consisting of a nanostructured PTFE
film was proposed for scavenging the cardiac motion and powering a
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pacemaker (Fgi. 13B) [59]. iTENG was placed between the heart and
pericardium, and the PTFE side faced the left ventricular wall. The output
signal of iTENG was stored in the capacitor of the power amanagement
unit (PMU). The capacitor was directly connected to the pacemaker that
was controlled by a reed switch. The in vivo output open-circuit voltage
was compared with the simultaneously measured electrocardiography
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Fig. 17. Solar-powered sensors for wearable applications. (A) A flexible perovskite solar cell (PSC) energy harvester integrated with a rechargeable lithium-ion
capacitor (LIC) for self-powering of a wearable strain sensor. Reprinted with permission from Ref. [96]. Copyright (2019) Elsevier. (B) A micro-cable solar power
textile integrated with a fibre-based TENG for direct charging of a cell phone and an electronic watch. Reprinted with permission from Ref. [273]. Copyright (2016)
Springer Nature. (C) An organic photovoltaic (OPV) power source integrated with an organic electrochemical transistors (OECT) as a sensor. Reprinted with
permission from Ref. [94]. Copyright (2018) Springer Nature. (D) A flexible amorphous silicon (a-Si) PV cell integrated with a flexible three-dimensional porous
graphene foam-based supercapacitor (GFSC) for powering a flexible pH sensor [100]. (E) The integration of a flexible a-Si PV cell with a lithium ion battery to supply
power to a wearable pulse oximeter [274].
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(ECG) signals. The iTENG in Fig. 13C was similarly fabricated based on
nanostructured PTFE film and applied for harvesting cardiac motions
[261]. In addition, an implantable wireless transmitter was used to
wirelessly deliver the heart-beat related signals from iTENG to external
devices and revealed some real-time cardiac information. The iTENGwas
simultaneously recorded with the ECG of the swine and output of the
iTENG at different implant sites on heart surface were investigated.

An implantable piezoelectric energy generator (iPEG) is presented in
Fig. 13D for harvesting the natural energy of heartbeat and directly
powering a modern and full-function cardiac pacemaker [262]. The
iPENG consisted of two piezoelectric composites on the elastic skeleton.
The output signals of iPENG during one cycle of compression and release
by fingers as well as using of iPENG-powered pacemaker for pacing the
ECG signals were investigated. The application of another PENG device
consisting of single-crystalline (1 � x)Pb(Mg1/3Nb2/3)O3�(x)Pb(Zr,Ti)
O3 (PMN-PZT) was proposed (Fig. 12E) for providing power to the
implantable biomedical devices with battery [263]. The PENG was
attached to porcine heart to generate electricity from cardiac contraction
and relaxationmotions. The output signal was stored in the capacitor, and
then the appointed data was transmitted to the receiver wirelessly. A light
bulb was used to visually verify the data transmission process. In vivo
output open-circuit voltage and short-circuit current of the device derived
from porcine heartbeat was simultaneously recorded with ECG signals.
Fig. 13F presents a mini-generator system that was designed by exporting
the systolic/diastolic blood pressure from the femoral artery of a sheep to
trigger the pressure-responsive reciprocating vertical motions of a
conductor [264]. The mini-generator consists of a device modified with a
superhydrophilic surface and loaded with an air bubble for
pressure-responsive vertical motions, a magnet wrapped in a super-
hydrophobic coating to provide amagneticfield, and a pressure-adjusting
system to switch ambient pressure. By applying a magnetic field, the
generator was capable of powering a state-of the-art pacemaker consid-
ering the obtained induced voltage of 0.32 V through a rectifying circuit.

5.2. TENG/piezo-based EHs for self-sustained neurostimulation and drug
delivery

TENG/piezo-based EHs have been used so far for applying pulses to
the brain stimulation electrodes as a few examples are given in Fig. 14.
An e-skin was developed on a PDMS substrate where MAPbI3 worked as
the top electrode with both triboelectric and photosensitive properties
(Fig. 14A) [265]. The photosensitivity was wirelessly controlled by photo
illumination during the neural-stimulating process and the
human-motion energy was harvested by the triboelectric property of
MAPbI3/PDMS and used for the electrical stimulation in hippocampus for
improving learning and memory.

A flexible PENG on PET substrate enabled self-powered deep brain
stimulation in mice as shown in Fig. 14B [266]. This device used an in-
dium modified crystalline Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)O3–PbTiO3
(PIMNT) thin piezo-film to convert mechanical motions to electricity.
Fig. 14C illustrates a flexible triboelectric-based smell detector on a
PDMS substrate that could sent the atmosphere-dependent bionic signals
for the brain stimulation [267]. The surface-triboelectric coupling effect
between PDMS and polypyrrole (Ppy) generated a series of
triboelectric-sensing signals due to human-motion that are used as spe-
cific codes for differentiating a variety of gas species. A sub-mm3 ultra-
sonically powered neural recording implant is presented in Fig. 14D
[268]. Even the device was fabricated on a rigid substarte but its small
size made it suitable for recording of most peripheral nerve targets as
well as deep brain targets through thinned skull. The integrated
piezo-cermic transduser on the implant allows wireless stimulation of
nerve/brain with electrodes.

Fig. 15 presents the application of TENG/piezo-based EHs for
providing power to peripheral and sciatic nerve electrodes. A water/air-
hybrid triboelectric nanogenerator (WATENG) is presented in Fig. 15A to
power the flexible neurostimulator for arm nerves and sciatic nerve
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[269]. A TENG device was integrated on the surface of stomach in
Fig. 15B to generate electric pulses during the peristaltic stomach muscle
movements and use the generated signals for vagus nerve stimulation
[270]. The nerostimulation aimed to reduce food intake and achieve
weight control.

Ultrasound/piezo-based powering has been used for peripheral nerve
stimulation and movement of the leg muscle in Fig. 15C [271]. An ul-
trasonically powered, leadless and battery-free implantable 1.7 mm3-size
neural stimulator was used in Fig. 15D for the sciatic nerve stimualtion
[272]. In this work, the piezoceramic transducer, the energy-storage
capacitor and integrated circuit were all integrated on a thin PI sub-
strate that wraps around the nerve. TENG/Piezo-based EHs has been also
used for stimulation of pelvic nerve, muscle and retina.

A stacked-layer TENG EH has been used in Fig. 16A for the pelvic
nerve stimulation with the flexible neural clip [87]. Similarly, a
stacked-layer TENG EH has been developed for the muscle stimulation
with flexible needle-based electrodes (Fig. 16B) [88]. A flexible and
lead-free piezocomposite (i.e. [(K0.48Na0.52)(Nb0.95Sb0.05)- O3-(Bi0.4
La0.1)(Na0.4Li0.1)ZrO3, abbreviated as KNNS pillar array) based EH has
been developed for retinal electrical stimulation in Fig. 16C [90].

Fig. 17 presents solar-powered sensors for wearable applications. A
flexible perovskite solar cell (PSC) energy harvester was integrated with a
rechargeable lithium-ion capacitor (LIC) for self-powering of a wearable
strain sensor in Fig. 17A [96]. The PSC device consisted of a heterostructure
composed of Ag/BCP/PCBM/MA1�yFAyPbI3�xClx (perovskite)/NiOx/-
ITO/PET (BCP: bathocuproine, PCBM [6,6]:-phenyl-C61-butyric acid) on
ITO/PET substrate. Under solar irradiation, the photogenerated electro-
ns/holes are separated in the perovskite layer of PSC and subsequently
photo-charge the flexible LIC. The solar energy stored within the hybrid
capacitor was released to power a wearable sensor for detecting physio-
logical signals ranging from finger motion and pulse rate to cardiac pacing.
Fig. 17B presents amicro-cable power textile for simultaneously harvesting
energy from ambient sunshine andmechanicalmovement [273]. Strings of
the wire-shaped photoanodes, Cu-coated PTFE stripes and copper elec-
trodes were woven on an industrial weaving machine to fabricate the
photovoltaic textile. The solar textile was then woven via a shuttle-flying
process with fibre-based TENG to create a smart fabric. The electrical
output of the wearable all-solid hybrid power textile under various cir-
cumstances is also presented in Fig. 17B. The textile was used to directly
charge a cell phone and an electronic watch.

An organic photovoltaic (OPV) power source device was integrated
with an organic electrochemical transistors (OECT) as a sensor on ultra-
flexible parylene substrate (Fig. 17C) [94]. The OPV is a bulk hetero-
junction composed of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo
[1,2-b;4,5-b0]dithiophene-2,6-diyl-alt-(4-octyl-3-fluorothieno[3,4-b]
thiophene)-2-carboxylate-2-6-diyl] (PBDTTT-OFT) polymer with [6,
6]-phenyl-C71-butyric acid methyl ester (PC71BM) as the photoactive
layer, and a solution-processable zinc oxide nanoparticle (ZnO NP) layer
was used as the electron-transporting layer. Molybdenum oxide
(MoOx)/Ag and ITO were used as the top and bottom electrodes,
respectively. The device was used for biological sensing applications
from finger and ECG signals from surface of a rat heart under LED light
illumination. For the detection of biological signals from finger, a gel
electrode was placed on the chest and the potential difference between
the gel electrode the OECT channel on the fingertip acted as the gate bias.
Fig. 17D demonstrates a flexible amorphous silicon (a-Si) PV cell inte-
grated with a flexible three-dimensional porous graphene foam-based
supercapacitor (GFSC) for powering a flexible pH sensor [100]. The
flexible PV cell exposed to different light intensities that resulted in
charging/discharging of GFSC. The GFSC was then acted as a voltage
source for powering the chemi resistive cupric oxide (CuO) nano-rod
based flexible pH sensor on PET substrate. Fig. 16E presents the inte-
gration of a flexible a-Si PV cell with a lithium ion battery to supply
power to a wearable pulse oximeter [274]. The lithium ion battery
consisted of lithium cobalt oxide (LCO) and synthetic graphite as the
active materials for the cathode and anode, respectively. The wristband



Fig. 18. Self-sustained wearable skin patch for drug delivery applications. (A) A multifunctional system with the capability of movement disorder monitoring, data
storage and drug delivery. Reprinted with permission from Ref. [275]. Copyright (2014) Springer Nature. (B) The mechanical strain triggered drug delivery. Reprinted
with permission from Refs. [276]. Copyright (2015) American Chemical Society. (C) A TENG-powered wearable adhesive skin patch for transdermal drug delivery
[277]. (D) An iontophoretic transdermal drug delivery system driven by TENG. Reprinted with permission from Refs. [91]. Copyright (2020) John Wiley and Sons. (E)
A nanofibrous sheet bandage integrated with drug-loaded particles for heat-driven drug delivery [278].
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Fig. 19. Self-sustained nanoenergy nanosystems (NENS) in IoT based smart home applications. (A) A multifunctional monitoring system by triboelectric and
piezoelectric mechanism to obtain self-sustained amenity detection. Reprinted with permission from Ref. [286]. Copyright (2019) Elsevier. (B) A self-sustained
triboelectric air filter (TAF) with good PM-removal efficiency and washability. Reprinted with permission from Refs. [287]. Copyright (2018) John Wiley and
Sons. (C) A sliding-operated control disk with self-sustained sensing and wireless communication capability. Reprinted with permission from Refs. [288]. Copyright
(2020) Elsevier. (D) A self-powered hear-rate sensing system with a downy-structure TENG as the power source [289].
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pulse oximeter system comprising of the optoelectronic probe, data
processing electronics, and a flexible power source consisting of layered
battery and PV module as shown in Fig. 17E. The optoelectronic probe,
LED driver, PD read circuit, and microcontroller board were powered
using the battery for the pulse oximetry measurements.

TENG/external stimuli-powered drug delivery skin patches are pre-
sented in Fig. 18. The wearable system in Fig. 18A consists of stretchable
sensors (i.e., strain and temperature sensors), drug delivery and data
storage [275]. The system was capable of physiological monitoring of
movement disorders and programmable thermo-responsive drug delivery
for feedback therapy. A stretchable elastomer loads with the microgel
array containing the drug was placed on a finger joint as shown in
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Fig. 18B [276]. The bending of finger induces stress to the elastomer and
triggers the release of drug from the drug-loaded microgels as a thera-
peutic response to cancer and bacteria. Furthermore, polymeric micro-
needles were simultaneously used to release insulin to regulate the blood
glucose level. Fig. 18C leverages the TENG device into an adhesive patch
that includes the drug reservoir and microneedle for drug release [277].
The stretchable skin patch was capable of simultaneous transdermal drug
delivery and energy harvesting from forearm and finger swinging as well
as tapping. The TENG device in Fig. 18D was applied for driving and
regulating the iontophoretic transdermal drug delivery aiming at
close-loop motion monitoring and therapy [91]. A conformal bandage
integrated with a heater and drug-loaded particles onto the nanofibrous

mailto:Image of Fig. 19|tif


F. Arab Hassani et al. Smart Materials in Medicine 1 (2020) 92–124
sheet in Fig. 18E [278]. When the temperature induced by the heater
increases, the on-demand antibiotics release was triggered.

5.3. Flexible energy storage devices

Fast developing of energy generating devices necessitates the devel-
opment of energy storage systems (ESS) such as supercapacitors and
batteries to store the harvested energies for providing continuous power
to the electronics [279]. Integration of ESS with energy generating de-
vices on the same flexible platformwill improve the harvesting capability
of nanogenerators [280,281]. Two examples of this integration are
explained as follows.

An all-solid-state sodium-ion (Na-ion) battery with safe and durable
performance developed for storing the energy harvested by a TENG
[282]. Na-ion battery comprised of hexagonal P2-structure Na0.67Ni0.23
Mg0.1Mn0.67O2 as the cathode, metallic sodium as the anode, and solid
polymer electrolyte (SPE) film of perfluorinated sulfonic in the Na form
(PFSA-Na) swollen with ethylene carbonate-propylene carbonate
(EC-PC) nonaqueous mixed solvents as the electrolyte. An all-solid tail-
orable energy textile consisting of integrated solar energy harvesting and
fiber supercapacitor (FSCs) devices was developed [283]. Each textile
fiber of FSC comprised of two TiN/Ti NW electrodes, while the KOH/PVA
gel surrounded them as electrolyte and separator. The FSC fibers were
then woven to the fibers of DSSC photoanode.

5.4. Smart home applications

In the new 5G and IoT era, more and more IoT devices are imple-
mented within a building to enable various monitoring as well as inter-
vention applications in smart home/building [284].

Fig. 19 shows a few examples on self-sustained NENS for IoT-based
smart home applications. Monitoring of indoor air quality (IAQ) and
amenity is of great importance for the benefits of individuals living/
working in a smart home/building [285]. As shown in Fig. 19A, to obtain
self-sustained amenity detection, a multifunctional monitoring system
was developed based on triboelectric and piezoelectric mechanism
[286]. The monitoring system composed of a high-performance TENG for
ambient energy scavenging such as human motions and vibrations, a
surface-modified TENG for CO2 sensing, and a piezoelectric micro-
machined ultrasonic transducer (pMUT) array for temperature and
relative humidity sensing. The energy harvested by the high-performance
TENG can be potentially used to drive the operation of the pMUT array
through a power management circuit. The pMUT array can simulta-
neously detect the ambient temperature and the relative humidity by the
elements without and with graphene oxide (GO) composite coating,
respectively. Meanwhile, another TENG is functionalized with poly-
ethyleneimine (PEI) on contact surface to achieve CO2 detection by the
self-generated electrical signals under mechanical trigger. The system
show a new strategy to configure an “all-in-one” self-sustained moni-
toring system by the integration of high-performance energy harvesting
units and low-powered MEMS sensors.

Other than monitoring, removing the particulate matter (PM) in air is
also important to realize high-level IAQ and amenity [290–295]. Fig. 19B
presents a self-sustained triboelectric air filter (TAF) with high
PM-removal efficiency and good washability [287]. The TAF consists of
five subsequent layers of the polytetrafluoroethylene (PTFE) films and
nylon fabric films. Unlike the conventional electrostatic precipitator
functioning with high supplied voltage, the TAF can be self-charged
through the contact electrification between the PTFE films and the
nylon films, where the generated open-circuit voltage can be as high as
190 V. After charging, it shows an excellent PM-removal efficiency of
84.7% and 96.0% for PM0.5 and PM2.5, respectively. Moreover, the
PM-removal efficiency of the TAF can be maintained at the similar level
after several times of washing, indicating its promising potential in air
cleaning applications.

Within the smart home scope, smart IoT devices and HMIs can enable
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more convenient interactions between humans and machines. As depic-
ted in Fig. 19C, a sliding-operated control disk was proposed with self-
sustained sensing and communication capability [288]. The control
disk was developed with a three-electrode TENG based sliding sensor, a
photovoltaic cell, and a signal processing and communication circuit
powered by the photovoltaic cell. In the sliding sensor, one electrode
defines the binary bit “0”, another electrode defines the binary bit “1”,
while the third electrode located in the middle is used to distinguish the
sliding direction, i.e., inward or outward. Through a designed 3-bit
coding pattern, sliding operations on the TENG sensor was detected,
processed, and wirelessly transmitted to smart control applications. Be-
sides, the control disk was also employed as a self-powered passwor-
d-inputting interface for smart home authentication access, demon
strating great potential as a self-sustained interface in human-machine
interactions and IoT applications.

Healthcare monitoring by wearable electronics is one indispensable
aspect to enable continuous monitoring and point-of-care applications in
smart home. In the past few years, several self-sustained wearable
monitoring systems have been developed to provide convenient and
continuous monitoring and intervention functionalities [91,296–298].
As indicated in Fig. 19D, a self-powered wireless sensing system was
presented for heart-rate monitoring, through the integration of a
downy-structure TENG power source, a heart-rate sensor, and a func-
tional circuitry for power management, signal processing and Bluetooth
transmission [289]. The TENG was able to convert the human walking
energy into electrical energy with a maximum output power of 2.28 mW
and a conversion efficiency of 57.9%. This high output performance of
the TENG can sustainably and continuously drive the operation of the
wireless sensing system in a real-time manner. The detected heart-rate
signals by the heart-rate sensor are first processed by the signal process
circuit, and then sent to a displayed device such as smart phone via the
Bluetooth communication. The developed self-sustained sensing system
shows great potential to be adopted in the battery-less and continuous
monitoring applications. According to the rapid development progress,
self-sustained NENS with broad-range and practical applications can be
achieved with the innovations in energy harvesting and storage tech-
nologies, paving the way to continuous functionalities and sustainable
development in the new era.

Besides all the benefits of using of IoT frameworks for smart health-
care such as reducing the social and financial burden, data security is still
a concern ahead of this technology. Avoiding unauthorized connection to
sensors and medical systems by application of strong authentication al-
gorithms, improving network security, using of a trusted routing mech-
anism, and integrity verification techniques besides proper training of
users, and support of governments and policy-makers on security prob-
lems, may provide a safer platform for IoT smart healthcare [299].

6. Conclusions

Smart materials have been used in various applications from aero-
space, fashion, and construction to electronics and medical industries.
The responsivity of these materials in particular soft functional smart
materials to external stimuli make them suitable for innovative pro-
grammable motion and compliant sensing. Extensive research has been
done on soft sensors and actuators fabricated based on these materials for
smart textiles, haptic electronics, biomedical devices and soft robotics.
However, high density of huge interconnected network of transducers
(e.g. sensors and actuators) and the necessity to power them with bulky
batteries, motivated the idea of energy-autonomous systems. One viable
solution for prolonging battery life of these devices is to harvest ambient
energy sources from environment. This is possible by developing and
integrating energy harvesting and storage devices with the transducers.
Self-powered flexible systems and IoT, work hand in hand to advance the
smart healthcare towards an improved disease management, patient
experience, home and hospital care, precision, and cost reduction. IoT,
mobile internet, cloud computing, big data, 5G, microelectronics, and
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artificial intelligence, together with biotechnology are important quality
features of smart healthcare. Wearable and implantable devices in
biotechnology offer efficient solutions in smart healthcare for diagnostic
and therapeutic applications. Continuous growth of biomedical devices
including brain-machine interfaces, neurostimulators, and smart-
controlled systems open up broader range of applications in smart
healthcare.
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