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Abstract: Flexible strain sensors with high sensitivity, wide sensing range, and excellent long-term
stability are highly anticipated due to their promising potential in user-friendly electronic skins,
interactive wearable systems, and robotics. Fortunately, there have been more flexible sensing
materials developed during the past few decades, and some important milestones have been reached.
Among the various strain sensing approaches, liquid-type (fluidic type) sensing has attracted great
attention due to its appealing qualities, including its high flexibility, broad electrochemical window,
variety in design, minimal saturated vapor pressure, and outstanding solubility. This review provides
the comprehensive and systematic development of fluidic-type flexible strain sensors, especially
in the past 10 years, with a focus on various types of liquids used, fabrication methods, channel
structures, and their wide-range applications in wearable devices and robotics. Furthermore, it is
believed that this work will be of great help to young researchers looking for a detailed study on
fluidic strain sensors.
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1. Introduction

Flexible electronics is embarking on its journey by rapidly evolving in the field of
electronics. The innovative methods of fabrication enable this field to be environmentally
friendly, cost-effective, faster, and robust [1-4]. They can be reformed to tolerate mechanical
deformations. They can bend [5], stretch [6], compress [7], twist [8], and warp [9] because
the flex circuit or flex electronics are mounted on a flexible soft substrate [10]. Flexible
electronics are becoming more popular since they are adaptable. They are inexpensive,
customizable, and portable [11-15]. They have a whole new world of applications to set
a benchmark, from collecting energy from temperature differences caused by our bodies
and the environment, to folding phones, to wearable bioelectronics devices with sensors
to evaluate and diagnose health issues [16-22]. They have huge potential for adoption in
medicine, bioelectronics, or wearable devices [23].

Flexible devices draw great attention because of their efficiency, light weight, flexibility,
and stretchability [24-28]. These devices are skin-friendly and made of soft materials
attached to human skin, ensuring users’ comfort as much as possible while wearing
them [29-35]. They are used in bioelectronics to calculate wrist pulses [36], glucose [25],
body motion [37-41], temperature [40,42], and other physiological signals [43]. Among
these devices, sensors [44—46] are popular because they have a wide variety of applications
in bioelectronics as well as healthcare. They play an important role in these wearable devices
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because of their having of the capability of guaranteeing the accuracy of signal capture.
Highly elastic sensors have been encouraged by wearable sensors for human activity
detection, whereas strain sensors are super elastic and highly stretchable for wearable
devices [47]. Among these strain sensors, fluidic sensors have been recently used in
wearable devices [33,39,48-52] and a few robotic applications [44,45].

Recently, fluidic strain sensors have been in high demand because of their ability
to monitor and sense physiological signals and are vital because they are cost-effective,
highly compliant, weigh little, and can sense complex environments [26,49,53-55]. Because
of their high sensitivity, mechanical flexibility, and stretchability, these strain sensors
normally function by utilizing the resistive effect of conductive liquid [39,40,45,52,56].
Fluidic strain sensors combine conductive liquids within a flexible substrate’s narrow
channel and fabricate specific patterns to improve stretchability [40,41,57]. Microfluidic
strategies have been introduced lately because they are easy to fabricate with plastic and
soft elastomers, and they are lightweight and consume less energy, which makes them
suitable for large stretchable electronics [58]. Microfluidics is the main element in fluidic
soft sensors. The conductive microfluidic fillers used by strain sensors can be ionic, metallic,
or other chemically synthesized liquid solutions. Their detecting technique is based on the
fact that when a particular amount of strain is given to the fluid, the fluid deviates from
its original shape, allowing the sensor to perceive [59,60]. Flexible devices in challenging
settings can use fluidic strain sensors in a broad range of ways. These sensors can be used
in wearable electronics, surgical equipment, robot feedback sensing, and health monitoring
systems [61-63].

Numerous studies and research projects have been conducted to develop highly
stretchable fluidic soft sensors using a variety of fluidic materials, including ionic liquids
(graphene [64], potassium iodide [65], sodium chloride [66]), metallic liquids (eutectic
gallium-indium [67], gold [68], copper [69]), and other liquid solutions. Ions in liquid form
have been proven to be conductive because they are free and in constant motion, which
makes them a crucial component to use in strain sensors. When a proton travels from an acid
to a base, ionic liquids are created [70]. On the other hand, metal atoms have delocalized
electrons with a high energy level that can cause them to engage in conduction [71]. These
liquids are fabricated on a soft substrate in a certain pattern or structure that directs
the field flow and transition of the kinetics of different microstructures of these liquids
used in the fluidic sensors. These patterns are created using different techniques such as
lithography, 3D printing/screen printing, and direct inking. These patterns are of different
shapes, such as sinusoidal [44,45,60], square [72-74], rectangle [75,76], wavy [39,44,77], and
other patterns. Despite very few recent studies on liquid-type strain sensing devices, it
is evident that the pace of research in this particular field is quite high. Furthermore, it
is pertinent to consolidate all recent works and provide a comprehensive review to the
research community.

This review presents the comprehensive progress of fluidic strain sensors with an
in-depth analysis of various conductive liquids used, in addition to the channel structures.
All liquid categories, such as ionic, liquid metal, and other conductive liquid solutions
have been well explored, including their chemical, physical, and mechanical properties.
Furthermore, different structures (recently reported) have been discussed in detail with a
focus on their advantages and disadvantages in the sensor’s performance. Figure 1 repre-
sents the overall sections covered in this study. In addition, detailed tables of comparison
with a wide number of attributes, such as stretching, memory effect, gauge factor, operable
frequency, simulations, targeted applications, and other relevant parameters have been
provided. To the best of our knowledge, this review will be the first dedicated effort to
cover almost all major topics related to fluidic type strain sensors, including wearable
and robotics applications (the numbers of researches selected in this study is graphically
presented in Supplementary Figure S1).
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Figure 1. Classification of fluidic type strain sensors fabricated by exploiting either of channel
structures, liquid materials, manufacturing approach, and targeted applications.

2. Conductive Liquids for Strain Sensing

The fluids in liquid strain sensors are used to help with the strain stretchability. When
a certain amount of strain is applied to liquid-containing devices, its resistance varies and
converts the applied stimulus into electrical resistance that as a result gives us certain stress
or strain. These fluids are conductive and are embedded inside a soft elastomeric material.

2.1. Ionic Liquids

Ionic liquids (ILs) were first discovered in the year 1914 by Paul Walden, who dis-
covered ethyl ammonium nitrate, but they did not gain much recognition at that time. In
the past two decades, ILs have attracted a large amount of interest due to their unique
features [78]. They are salts that are composed of ions in the form of liquid and have
the properties of non-flammability, high ion conductivity, and high thermal stability, and
are mostly biocompatible. Moreover, they are known for their low vapor pressure, high
electro-elasticity, and liquid crystalline structures. These liquids have melting points below
room temperature or below 100 °C [79]. Ionic liquids are composed of organic cations and
inorganic anions. To maintain the liquid state, the cations should be unsymmetrical [80].
These ionic liquids are further divided into categories, such as room temperature, ionic
liquids (RTILs) [81-84], supported ionic liquid membranes (SILMs) [85-87], task-specific
ionic liquids (TSILs) [88,89], and polyionic liquids (PILs) [90]. They have lower symmetry
and have been widely used to design sensors, especially fluidic strain sensors. Table 1
shows the comparison of strain sensors fabricated by using different ionic liquids

An Ionic-based fluidic strain sensor for wearable devices has been reported [40] as
shown in Figure 2a, which uses potassium iodide and glycerol solution (KI-Gly solution)
as an ionic liquid on a soft silicon substrate and has durability and flexibility for up to
1000 cycles. The flexibility of the sensor is shown in Figure 2a(i) where the designed sensor
sensor, respectively. This sensor was developed under a multilayer structure and used
microcylinder fillers in the channel along with the stiffed substrate to help with sensitivity
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and linearity. Similarly, Zhou et al. in [41] used glycerol and graphite suspensions in
polydimethylsiloxane (PDMS) tubes, which have the capability to increase the conductivity
by simply pinching and stretching the tubes. These tubes were then knotted, responding
to local as well as global stimuli. The orientation of these packed fillers was shown to
be controlled by the flow field direction and the packing structure of the graphite fillers,
which showed memory effects on the shear history. Further, in a recent study [51], reduced
graphene oxide and deionized water (rGO/DI) have been introduced within a soft Ecoflex
substrate, enabling it to retain its stretchability for more than 10,000 cycles. The reduced
graphene oxide form has a reversible micro-contact condition, helping them calculate
the resistance of the strain. The sensing behavior of this liquid is analyzed in Figure 2b
where the pressure was applied to the rGO/DI liquid. Figure 2b(i) shows the original

and 10 kPa, respectively. Similarly, Figure 2b(iv) shows the original state of the liquid
after being refreshed, and then the mechanism of the liquid was analyzed under 5% strain
and 10% strain, as shown in Figure 2b(v,vi), respectively. The designed sensor has great
sensitivity and is suitable for stretching and bending applications such as human motion
detection, including drinking, speaking, and clenching.

I i

Rapid Motion

Time (sec)

(@

Figure 2. Conductive ionic liquid-based strain sensors: (a) a highly stretchable strain sensor’s bending
and twisting deformation [40]. (i) originl state (ii) stretching (iii) bending (b) rGO/DI ionic liquid
behavior under applied strain [41]: (i) original state, (ii) under 5 Kpa, (iii) under 10 KPa, (iv) refreshed
to obtain the original liquid state, (v) liquid under 5%, and (vi) under 10% strain. (c) The result
of the 5 sensors attached to the fingers were analyzed through oscilloscope [91]. (i) evaluating the
motion of the finger (ii) analyzing dataframes in oscilloscope (d) Analysis of the bending of the
strain sensor [39]. (i) original state (ii) slightly bending the elbow (iii) normal bending (iv) complete
bending.

On the other hand, a low-cost, highly flexible sensor with aqueous sodium chloride and
glycerin-sealed, gold-coated electrode mixture filled inside the silicon tube was presented
in [91]. The sensor has a negative temperature coefficient that reduces the gauge factor
from 2.1 to 1.6 with the rise in temperature. This factor should be improved to make it
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applicable for wearable applications. Each finger and the thumb are attached to the sensors
to evaluate the motion of the fingers, for which the analogue-switching IC was attached in
the circuit designed for providing AC source to the sensors, as is shown in Figure 2c(i); the
oscilloscope then shows the data frames that were sent from the controller to the server.
The finger motion affects the amplitude of the sensor, as is shown in Figure 2c(ii).

However, Choi et al. in their work [39] presented a strain sensor using ethylene
glycol/sodium chloride ionic solution within a soft substrate of Ecoflex-0030 for a highly
stretchable sensor for up to 300% strain over 3000 cycles. Ethylene glycol was preferred in
the study because of its electrochemical stability and low vapor pressure, which is ideal
for this sensor because its operating voltage is 4 V and its low vapor pressure is suitable
for long-term stability. This sensor has high durability and low hysteresis. The sensor is
attached to the elbow joint through the adhesive tape to analyze the motion as shown in
that the sensor is bended slightly and normally respectively. Whereas Figure 2d(iv) shows
the full bending of the elbow. The results of these motions are analyzed in real-time. The
resistance is increased with the bending of the elbow joint and remains the same when
the sensor is flexed. The maximum strain is recorded with the bending of elbow joint is
70%. A similar study [31] showed the strain sensor using the graphene/glycerin solution
sandwiched in an ecoflex rubber, and is highly stretchable as shown in Figure 3a(i), having
respectively. The IL solution has a self-lubricating property that makes it super stretchable
for up to 1000% over 10,000 cycles. The resistance of this strain sensor is calculated with
the change in graphene flaxes. The resistance decreases with the increment in conductive
graphene flaxes and increases with the decrement in graphene flakes.

Moreover, the sensor discussed in [92] is unique and different in terms of manufactur-
ing/fabrication and design methodology. The sensor uses ILs of different types, namely, IL1:
1-butyl-3-methylimidazolium trifluoromethanesulfonate (({BMIM][Otf]), IL2: 1-butyl-3-
methylimidazolium dicyanamide ((BMIM][N(CN)2]), and IL3: 1-ethyl-3-methylimidazolium
dicyanamide ([EMIM][N(CN)2]), for the fabrication of the sensor but they were removed
later on, leaving only the IL on the edge and replacing them with air, causing an ultra-high
cross-sectional area. Furthermore, conductive polymer nanocomposites (CPNC) with car-
bon nanofiber (CN) and 1-butyl-3-methylimidazolium hydrogen sulfate [BMIM][HSO4]
ionic liquid (IL) as fillers were introduced in [93] to design a strain sensor; the schematic
diagram of the PVDF(matrix)/CNP(conductive fillers) membrane filled with IL is shown
in Figure 3b. The IL, along with CN and CPNC, has helped in the durability of the strain
sensor with a high gauge factor of 4.08.

The advancement in ionic-liquid-based strain sensors has been proven to be ideal in the
world of strain sensors. A microfluidic strain sensor [94] with 1-butyl-3-methylimidazolium
bis-(trifluoromethanesulfonyl)imide ([BMIM][Ntf2], Sigma-Aldrich) and 1-butyl-3-methyli
midazolium acetate ((BMIM][Ac], Sigma-Aldrich) ionic liquid mixtures embedded inside
the polydimethylsiloxane (PDMS) matrix aimed to achieve high stretchability and low
hysteresis. When external force is exerted on the sensor, it produces distinct changes in
the electrical signal caused by different motions such as bending, stretching, and torsion.
Similarly, the mixture of conductive ionic liquid of sodium chloride with glycerin within
the elastomeric material to increase the stretchability of up to 40% of the strain sensor
is presented in [57]. The strain sensors’ sensing mechanism relies on electrochemical
impedance spectroscopy (EIS) at different applied frequencies and strains. Conversely,
conductive sodium chloride (NaCl) liquid inside the soft elastomer substrate along with the
gold-sputtered electrodes to enhance the biocompatibility is presented in [49]. The sensor
proposed a strain of 40%, 21.34% hysteresis, and is completely soft, making it desirable
for highly stretchable medical applications. The piecewise constant curvature technique is
used to construct the sensor in a STIFF FLOP surgical manipulator for application purposes.
Furthermore, the detail analysis of studies published is provided in Supplementary Data.
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1-Decyl 3-methyl imidazolium chloride (DMIC) (Sigma-Aldrich, Germany), along with
conductive carbon black (CB)-filled conductive rubber composites (CRCs), were introduced
in [95]. The IL here was used to increase the sensor’s consistency as well as the flexibility
of the composites. Similar work was conducted in [96] using the same ionic liquids and
carbon black (CB), but instead of CRCs, styrene-butadiene rubber was used to achieve the
stretchability of the ionic strain sensor. The schematic illustration of bound rubber with ILs
is represented in Figure 3¢, where the red line represents the pathways the electrons can
move to work as a conductive material.

Another highly stretchable (for up to 100% strain over 8000 cycles) strain sensor
composed of glycerol and potassium chloride (Gly-KCl) ionic liquid in an Ecoflex 00-30
elastomeric substrate has been presented in a recent work [45]. The testing was conducted
using a custom-made tensile testing machine under relative humidity, making it suitable
for underwater robotic feedback as well as wearable applications. Furthermore, 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonylmide) ((EMIM][TFSI]) ionic liquid with an
Ecoflex polymer in a PDMS mold was fabricated in [48]. The sensor has a wide range of
strain from 0.1% to 400% with a gauge factor of 7.9. The sensor accurately identifies factors
such as breath, swallowing, and others such as finger and wrist movement capturing.
The sensor is attached to the back of the wrist and elbow joint detecting the bending and
movement of it by representing change in resistance, as is shown in Figure 3d. Similarly, a
novel 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquid-based
sensor in a silicon tubular microchannel has been introduced [50], where the ionic liquid
was inserted into the silicon tube where then the copper electrodes were placed at both
ends of the tube, sealed by medical-grade epoxy (Epotek 302M) to achieve the strain sensor.

A 1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM][BF4], Sigma-Aldrich) and
EG ethylene glycol (Sigma-Aldrich)-based ionic liquid-based strain sensor is presented in [97].
The sensor used a mixture of IL and EG instead of using pure IL, which makes it highly
durable with a gauge factor of 2.3 under 200% strain. The microfluidic is injected inside the
soft PDMS and Ecoflex materials, showing great compatibility with ethylene glycol.

PVDF/CNF/IL
conducting membrane

C~

ﬁ%

Poor filler dispersion

* < °, Tonic liquid

O "\Bound rubber & Conductive part

Better filler dispersion 15
Time (s)

(¢) (d)

Figure 3. Conductive ionic based strain sensors: (a) representation of the designed strain under
(i) stretching, (ii) bending, and (iii) twisting [31]; (b) the conductive material made when IL was
added to the PVDF and CNF membrane [93]; (c) the schematic diagram representing the effect of IL
on the bound rubber [96]; (d) the resistive change by the movement of the strain sensor [48].
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Table 1. Comparison of strain sensors based on different ionic liquids.

Strain Optimization
Sensing Liquid Stretchable Strain Speed/ Hysteresis Gauge No. of through Ref.
Substrate Factor Cycles . A
Frequency Simulation
Graphene/glycerin Ecoflex 1000% 45.13 10,000 No [31]
Ethylene glycol/NaCl  Ecoflex 250% - 6.52% <4 3000 yes [39]
Potassium iodide and Silicone rubber
glycerol solution 5.3% 22 1Hz No [40]
EcoFlex 0030
(KI-Gly)
electro-
. Elastomer o rheological
Graphite/glycerol PDMS 100% testing [41]
module
Gly-KCl (glyceroland g 100% 5Hz 4.23% 2.7 8000 Yes [45]
potassium chloride)
1-Ethyl-3-
methylimidazolium
bis(trifluoromethylsulf ~ Ecoflex 400% 7.9 1500 No [48]
onylmide)
([EMIM][TFSI]) ILs
. . Gold- o
Sodium Chlqude sputtered 64% 21.;’:4 % of No [49]
(NaCl) solution resistance
electrodes
methy pyrrolidinium  Siicone tube 10% 2and
ety pyrro U (DOW Corning and a [50]
bis(trifluoromethylsulf Q7-4750) hicher 25
onyl)imide &
<10,000 for
rGO (reduced stretching,
graphene oxide) /DI Ecoflex 400% - 31.6 >15,000 No [51]
(deionized water) cycles for
pressuring
Glycerin with aqueous o
sodium chloride Elastomer 40% No [57]
Aqueous sodium . o
chloride and glycerin Silicone tube 50% 23 [91]
IL1: 1-butyl-3-
methylimidazolium
trifluoromethanesul-
fonate (red), IL2:
Lbutyl-3- PDMS (0-15%) <1.5% 3000 720 N [92]
methylimidazolium ? = ©

dicyanamide (blue),
and IL3: 1-ethyl-3-

methylimidazolium
dicyanamide (black)
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Table 1. Cont.

Strain Optimization

Sensing Liquid Stretchable Strain Speed/ Hysteresis Gauge No. of through Ref.

Substrate Factor Cycles . A

Frequency Simulation

1-Butyl-3-
methylimidazolium bis-
(trifluoromethanesulf
onyl)imide .. .
([BMIM][Nt£2], PDMS (Min <50%)  Average vagilrfl‘b;e' 12\/[‘;;& No (04]
Sigma-Aldrich) and elastomer (max =200%) 3.9 mm/s & o ’
1-butyl-3- DH 2.41% at 40
methylimidazolium
acetate ([BMIM][Ac],
Sigma-Aldrich)
1-Decyl-3-methyl Et};r?e—
imidazolium chloride i 5% 10 Hz - 30 - No [95]
(DMIC) rubber

(SBR)

16.667
Ethylene glycol (EG
. dyionicghyui d ((IL)) PDMS 200 mm/s 0 23 No [97]
! (highest)

1-Decyl-3-methyl izl:zﬁzle
imidazolium chloride 7.5% 100 no [96]
(DMIC) rubber

(SBR)

2.2. Metal Liquids

Metal liquids are fluids made up of alloys that form a eutectic at low temperatures.
They may be easily identified by their liquid formation and electrical, thermal, and mechan-
ical conductivity. They are necessary for flexible sensing because of their interfaces. Liquid
metals Ga (gallium) along with its alloys have good conductive properties and have utmost
flexibility, which is why they have now been widely used in flexible sensors. Different
experiments and research have been conducted where metal liquids have been utilized in
strain sensors. The comparison of metallic liquid-based strain sensors is given in Table 2.

Table 2. Comparison of strain sensors based on different metal liquids.

Strain Optimization
Sensing Liquid Stretchable Strain Speed/  Hysteresis Gauge No. of through Ref.
Substrate Factor Cycles . .
Frequency Simulation

Galinstan (Ga67, o
3In19, 25n13.5) PDMS 105% 58 ms 0.07 2.33 8000 no [72]
Eutectic. PDMS 160% 32 no (73]
gallium—-indium
Liquid metal eutectic
gallium indium Ecoflex 00-30 320% 116 ms 1.02 491 500 no [77]
(EGaln)

I . 6.5 at 100%
Liquid metal-like Ag py) 1 800% 0.5 Hz strain, 9.3 5000 yes [98]
NP ink -

800% strain

Ni-doped liquid Ecoflex 0030 10, 50,
metal (Ni-Gal Ecoflex 0030-ZnS 100% 200 noe [%9]
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Table 2. Cont.

Strain Optimization
Sensing Liquid Stretchable Strain Speed/  Hysteresis Gauge No. of through Ref.
Substrate Factor Cycles . A
Frequency Simulation
Eutectic
gallium-indium Ecoflex 550% 4.95 Yes [100]
(EGaln)
EGaln ferromagnetic . .
Ag—Ni Polydimethylsiloxane 60% 0.077 No [101]
; . (PDMS)
microparticles.
Two layers of liquid-
metal-alloy-filled Silicone elastomer ~ 15%  1.5GHz 0 no [102]
microfluidic
channels
A gallium-based Ecoflex 00-30, o
eutectic alloy Smooth-On 350% 50 noe [103]
Eutectic alloy of
gallium, indium,
and tin (62.5% Ga,
21.5% In, 16% Sn) Zf;‘;l‘::;gn 200 0 375 no [104]
sonicated at 0.4 kJ/g
with 2 wt % nickel
nanoparticles
. . 13-25%
acrﬂht‘ll;“ indium, PDMS and 3500 no [105]
25-40%
Gallium-indium-tin = ppy) g 0.3% 300 0.11 22 3500 no [106]
eutectic mm/s
— PDMS 0.8 no [107]
EGaln Ecoflex 00-30 178% 120 ms 1.14% 3.04 100 no [108]

The super elastic sensor introducing low hysteresis using conductive liquid metal
eutectic gallium—-indium (EGaln) with the Ecoflex 00-30 was introduced in the study of [77],
retaining the durability of 320% with the gauge factor of 4.91 over 500 cycles. The sensor
is wearable and was tested by it being worn on an index finger and by analyzing the
resistance change of the sensor by grasping different things of different sizes, as shown in
Figure 4a(i-iii). The greater resistance was detected when the smallest object was grasped,
causing maximum bending. Huang et al. [98] introduced the liquid metal-like Ag nanopar-
ticle ink-based strain sensor with PDMS material using 3D printing technology to attain
a high stretchability of 800% over 5000 cycles. The sensor was tested by designing the
stretchable led circuit to test the strain at 0, 200, 400, 600, and 800%, as shown in Figure 4b.
Furthermore, liquid metal gallium—indium (Galn) doped in Ni incorporated between
Ecoflex 00-30 and Ecoflex 00-30 ZnS was introduced in [99] using a three-axial printing
method to gain the strain of 160% with the gauge factor of 3.2. This wearable sensor had
been worn on each finger as well as the thumb of the hand to analyze the real-time behavior
of the sensor, as shown in Figure 4c.

A metallic liquid eutectic gallium—-indium (EGaln)-based strain sensor with high
durability and skin accountability, having a gauge factor of 4.95 along with a strain of
550%, was introduced in [100]. The study chose lithography techniques to achieve the
microfluidic channel to obtain desirable size and flatness with metallic liquid and Ecoflex
soft substrate. Another similar study with the liquid metal eutectic gallium-indium (EGaln)
incorporated in a polydimethylsiloxane (PDMS) film with a strain of 50% under electronics
properties is presented in [101]. The study proposed the z-axis conductors along with
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liquid metal because of their transparency and bonding properties, which eliminated the
manual wire insertion process. This is because the manual wire insertion procedure causes
disasters such as LM leakage, wire slip out, and labor intensiveness, as discussed in the
paper. Conversely, Cheng et al. presented a whole new approach to a wireless strain sensor
using multi-layer microfluidic stretchable radiofrequency electronics (WFSRFEs) along with
PDMS material with an elongation of 15% reported in a recently published study [102]. The
sensor has a patch antenna with two LM channels that are deformable as well as reversibly
stretchable and applicable for larger areas (around 100 cm?).
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Figure 4. Conductive metal liquid-based strain sensors: (a) analyzing the resistance change of
the sensor at different sizes [77]; (i) analyzing resistance change through bending an index finger
by grabbing a large object; (ii) medium object; (iii) and small object (b) testing the stretchability at
different strains [98]; (c) real-time analysis of the change in resistance by movements of the fingers [99].

However, Wu et al. in [72] presented a strain sensor that uses conductive Galinstan
metal liquid with a PDMS substrate for a highly stretchable sensor with a strain of 105%
over 8000 cycles designed for a variety of applications in health, monitoring, and gaming,.
Similarly, gallium-based eutectic alloy metallic liquid with a soft substrate (Ecoflex 00-30
and Smooth on) was introduced in [103] using the shrink stretch patterning (SSP) method
to achieve high stretchability (350%) for about 50 cycles. The designed sensor with liquid
alloy is shown in Figure 5a(i), along with the performance measurement of the sensor in
20-time cycles, as is shown in Figure 5a(ii). In Figure 5a(iii), the sensor is demonstrated in a
real-time scenario by connecting the sensor at the left wrist in the direction of the palm to
analyze the motion of the sensor.

A eutectic alloy of gallium, indium, and tin as a liquid metal used in a 3D printed
approach to design a strain sensor with Ecoflex soft material retaining stretchability (200%)
for over 375 cycles was introduced in [104]. The sensor was attached to the elbow joint
of the hand and was bent at a certain angle to analyze the behavior and stretchability of
the sensor through a 4 wire ohmmeter (HP 34401A), as shown in Figure 5b. The sensor
was pre-strained at 50% in order to keep it in tension; Figure 5b(i) shows the bending of
elbow several times at different angles (45°, 70°, and 120°), whereas Figure 5b(iii) shows
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the repeated flexion of elbow at 120°. Similar work has been conducted by Hu et al. in [105]
using gallium, indium, and tin (GaInSn) liquid metals incorporated between the PDMS
material and magnetorheological elastomers (MREs) for the detection of comprehensive
force as well as the magnetic field. The sensor has stretching and bending capabilities. When
an external force is applied, the sensor becomes impacted, making it a magneto-resistive
sensor as well. Wu et al. in [106] introduced a high-performance strain sensor, realizing
the young moduli’s match between the soft substrate (PDMS) and inorganic conductor
(GalnSn) liquid metal fiber. The sensor retains its gauge factor of 2.2 over 3500 cycles. The
sensor is practical and is wearable on the skin to monitor the bending motion, such as
with the sensor being attached to the wrist, index finger, elbow joint, and knee joint to
demonstrate and analyze the position of the sensor, as is shown in Figure 5c. The resistive
change was analyzed by bending of the finger in real time, as shown in Figure 5c(i), whereas
the senor was also attached to the wrist and the relaxative motion was detected from a
certain angle (0 to 90°), as shown in Figure 5c(ii), as well as the motion being detected for
a wiggle elbow, where the result is demonstrated in Figure 5c(iii). The sensor was then
attached to the knee joint to detect the change in resistance during continuous marching
(Figure 5c(iv)) and squatting (Figure 5¢(v)). The 13, 9, and 6 s chinnings in frequency were
identified during frequency detection (see Figure 5c(vi)).
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Figure 5. Conductive metallic liquid-based strain sensors: (a) Fabrication and demonstration of
strain sensor: (i) designed strain sensor with liquid alloy; (ii) performance measured; (iii) fabricated
strain sensor array; (iv) demonstration of the real-time response of 4 wearable strain sensor [103].
(b) Testing the bending and analyzing the result of strain sensor [104]. (c) Real-time monitoring of
finger bending, wrist motion, elbow wiggle, and knee joint [106]. (i) analyzing the resistive change;
(ii motion detection of wrist); (iii) motion detection of wiggle elbow; (iv) motion detection of knee
joint (marching); (v) motion detection of knee joint (squating); (vi) frequency detection.

Another work was conducted by Yan et al. in [73] that was based on eutectic gallium-
indium conductive metal liquid for stretchable strain sensors along with PDMS material to
attain stretchability (160%) with a gauge factor of 3.2.
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A micro finger was reported in [107] consisting of a pneumatic balloon actuator (PBA)
and a strain sensor using liquid metal. The sensor detects the bending motion of a PBA
and is highly stretchable, having a gauge factor of 0.8.

Yan et al. [73] introduced the stretchable cable behaving as a strain sensor for motion
detection, designed by using EGaln liquid metal with PDMS material to achieve stretcha-
bility of more than 350%. Similar work has been conducted by Liu et al. [108] where EGaln
liquid metal was used to design a strain sensor along with an Ecoflex 00-30 soft substrate
used to measure the strain up to 170%.

2.3. Chemically Synthesized Liquid Solutions

Apart from ionic and metal liquids, other liquids have been introduced into the world
of flexible strain sensors, such as multi-walled carbon nanotubes (MWCNTs), which have
been gaining more popularity in fluidic strain sensors. MWCNTs are made when single-
walled carbon nanotubes are combined, enhancing their electrochemical properties along
with their thermal properties. This liquid solution has been proven to be highly conductive
and hence desirable in the fabrication process of many fluidic sensors. Table 3 shows the
comparison of strain sensors based on different liquid solutions.

Table 3. Comparison of strain sensors based on different liquid solutions.

. Strain Optimization
S?nS}ng Stretchable Strain Speed/  Hysteresis Gauge No. of through Ref.
Liquid Substrate Factor Cycles . .

Frequency Simulation
Yes (Labview
L . . 0.1, 0.25 controlled
Liquid polymer Polydimethylsiloxane ., ! ! o .
PEDOT:PSS (PDMS) 30% and 0.75 <9% 12,000 stralr} [37]
mm/s generation
setup)
Poly(3,4-
ethylenedioxythiophene)
polystyrene sulfonate g g 150% 10 1.56% 89.4 1000 No [44]
multiwall carbon
nanotube
(PEDOT:PSS/MWCNT)
DI EG30 EG45 EG55 PDMS 1% 200 No [74]
S CB-PDMS (carbon
giﬁg‘ig&nﬁ)mkmg black— 50% 5 35 No [76]
polydimethylsiloxane)
MWCNTs and KH570 - )\ 1q 100% 1.55 4000 Yes [109]
with ethanol
Single-walled carbon Polvester woven Pre-
nanotube (SWCNT) Y 1.5-5% 0.1-1Hz cracked up to 3550 5000 no [110]
. elastic band (PEB)
ink (20)
Carbon nanotubes  ppy\1q 200% 1000 no [111]

(MWCNT)

A poly(3,4-ethylene dioxythiophene) polystyrene sulfonate multiwall carbon nanotube
(PEDOT: PSS/MWCNT) liquid-based strain sensor was introduced by Jabbar et al. [44],
where a soft substrate (Smooth-On) was used along with the liquid solution using 3D
printing fabrication techniques to retain sensor’s conductivity and stretchability with 30%
strain up to 1000 cycles along with gauge factor of 89.4. The sensor is highly stretchable
and was tested by a custom-made system to test the stretchability of the sensor, as shown
in Figure 6a(i). Conversely, Figure 6a(ii) shows the optical images of the sensor at 0, 50, 100,
and 150% strain. The designed sensor worked as a feedback sensor with the robotic leg,
making it applicable in wearable electronics. On the other hand, Bhattacharjee et al. [37]
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presented a strain sensor based on poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
polymer liquid incorporated inside the PDMS material to achieve a strain of 30% and
an extremely high gauge factor of 12,000. The sensor bears the deformability at certain
angles, as shown in Figure 6b(i). Alternately, Figure 6b(ii) shows the temporal response of
the sensor at bending and Figure 6b(iii) represents the behavior of the sensor at different
bending angles. Finally, the real-time analysis of the sensor was conducted at different
bending (B) and relaxation (R) cycles, as shown in Figure 6b(iv).

Similarly, Ryu et al. [74] have reported multi-walled carbon nanotube (MWCNT)
solutions spray coated on a PDMS soft substrate. The strain sensor was used for the
detection of the strain as well as fluid flow. The MWCNT junctions in the sensors were
attached and detached with the deformability of the PDMS tube caused by certain fluid
flow. Another study was conducted by Yang et al. in [109] using MWCNT and PDMS
materials to design a fluidic strain sensor, retaining stretchability and a gage factor of 100%
and 1.55 over 4000 cycles, respectively. Furthermore, a pre-cracked approach using the
dip-coat-stretch method with the Ag particle/singled wall carbon nanotube (SWCNT) inks
along with polyester woven elastic band was introduced in [110]. The sensor was made
when the polyester woven band was dipped in the ink with the pre-cracked method to
retain higher stretchability from 1.5 to 5%, with a gauge factor up to 3550. In another study,
MWCNTs along with fluorinated PDMS substrate were reported [111] in order to retain the
mechanical robustness of the sensor by enhancing liquid impalement resistance through a
multi-fluorinated approach. The designed sensor proposed a high stretchability of 200%
strain. The designed sensor showed excellent mechanical robustness and was tested by
knife scratch as well as hand rub, as is shown in Figure 6¢(i,ii), respectively.
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Figure 6. Conductive liquid solution strain sensors: (a) Demonstration of design strain sensor:
(i) variable strain applied to the designed strain to test the stretchability; (ii) optical images of the
sensor under different strains applied (0, 50, 100, and 150%) [44]. (b) Analysis of the sensor by
wearing it on the hand: (i) bending the sensor at certain angles; (ii) analyzing the temporal response;
(iii) sensors’ response at different bending angles; (iv) demonstration of bending (B) and relaxation
(R) of the sensor [37]. (c) Testing the mechanical robustness of the sensor by (i) knife scratch and
(ii) hand-rub [111].
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2.4. Disadvantages and Advantages of Different Conductive Liquids

Ionic liquids are claimed to be crucial in the design of strain sensors due to their
usefulness as electrolytes in electrochemical sensors, as well as their linearity, sensitivity,
low viscosity, and low melting point. However, their toxicity and preparation costs present
certain drawbacks. On the other hand, metallic liquids are flexible, accurate, and reliable,
having excellent conductivity, but because of their low gauge factor they have a limited
range of force detection and they are expensive to design. We have also covered various
chemically manufactured liquid solutions, such as liquid polymers and MWCNT, that
assist in obtaining high strain and reliability in addition to ionic and metallic liquids. The
disadvantage of CNTs is their low stability and reduced efficiency.

In terms of flexibility, accuracy, and stability, metallic liquids outperform all other
conductive liquids discussed in this study. Despite being expensive, they are desired
for a number of wearable applications, including sports, motion detection, and health
monitoring where high strain is required.

3. Channel Structures

In fluidic strain sensors, it is important that the sensor can retain ideal stretchability
when it faces deformation, stretching, and reversible stretchability, but because of direct
filling, it can cause failures when deformation and stretching occur. The liquid materials
used to fabricate strain sensors are printed/filled on or are within the elastomeric material
with different structures in order to enhance their stretchability and promote low energy
dissipation. Sinusoidal, flat, wavy, and square are the few examples of these structures
adopted by the researchers discussed in this paper.

One of the most common structures used to design fluidic strain sensors is the wavy
structure as shown in Figure 7a,d. This is because these types of sensors need to withstand
high strains, which cannot be achieved by simple structures because either the inorganic
materials have low elasticity, leading to destruction, or the active materials may lose their
electric contact due to continuous deformations. Furthermore, strain-gauge-shaped chan-
nels were adopted in [71,99,100] to help in deformation and motion monitoring applications
as shown in Figure 7b.

Sandwiched and flat structural methods are also used to create strain sensors; these
structures are said to be sandwiched and flat because the liquid metals are injected between
soft substrates (PDMS, Ecoflex, Smooth-On, etc.) through direct liquid pouring through
syringes into soft molds and through a microchannel (made for these liquids) as shown in
Figure 7c,h. The strain sensors in [41,77] were designed using sandwiched patterning to
achieve a strain of 400% and 320%, respectively. Additionally, Choi et al. in [39] developed
a sensor with both flat and wavy structures to demonstrate that the wavy structured sensor
has a higher strain, lower hysteresis, and exceptional durability as compared to the flat struc-
ture strain sensor. In order to make the fluidic sensors more flexible, many patterns have
been created utilizing various fabrication techniques [40,56,73,75,91,98,101,105,107,108]
some of them are shown in Figure 7e f.

Sinusoidal structure patterning has been used in recently reported studies [44,45] for
stability, high strain, high sensitivity, and to reduce the memory effect. Apart from this,
liquid metals are injected into microchannels or tubes made of the soft silicon substrate, as
shown in Figure 7g [37,48-50,73,91,94-97,105,107]. The liquid metal circuit with a wearable
touchpad with a z-film seal that enables direct electrical contact with the skin was patterned
by Lu et al. [101]. Similarly, a new structure was developed by Votzke et al. [104] that
mimics a dog bone shape and helps to achieve low hysteresis as well as high durability as
shown in Figure 7i. Furthermore, strain-gauge-shaped channels were adopted in [72,99,103]
to help in deformation and motion monitoring applications.
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Figure 7. Different structures adopted by sensors to design a conductive fluidic strain sensor:
(a) wavy [39]; (b) strain gauge shaped [99]; (c) pattern [100]; (d) wavy [41]; (e) microchannel filled [94];
(f) pattern structure [101]; (g) sinusoidal structure [45]. (h) Microchannel [97] and (i) dog bone
shaped [104].

4. Fabrication Techniques

Different fabrication methodologies have been introduced to design the fluidic strain
sensors. Some of the methods widely used and adopted by the studies discussed in this
paper are as follows: 3D printing [73,98,99,108], lithography [77], mold casting [105,108],
dip-coat-stretch [110], and shrink-stretch patterning (SSP) [103]. The three-dimensional
(3D) printing method or additive manufacturing is an advanced micro or nano fabrication
technology, one that is highly applicable in optics, energy, biomedicine, and lightweight
engineering. Charles Hull’s stereolithography process, which allows for the manufacturing
of complex 3D structures with design freedom, considerable material savings, and quick
fabrication periods, built the foundation of this 3D printing technology in the year 1983 [112].
It is basically a method of printing three-dimensional objects layer by layer whose designs
are created by a computer software. Thermoplastic, metals, resins, and ceramic material can
be used in a 3D printer to print objects. This method is widely appreciated in soft robotics
and is mostly used in fabrication procedures because of its functionality to customize
the fluidic channels in the strain sensors. This provides multiple advantages in terms of
time, material usage, accuracy, and precision. The 3D printing method was used in [74] to
design a stretchable strain sensor. Similarly, Huang et al. in [98] designed a sensor where
Ag NPs were directly inked on a substrate using 3D printing technology. Apart from all
the advantages of the 3D printing technique it possesses, some disadvantages include
its limited build size and material. It might have some lower tolerances that may cause
difference in the designed and final product.

Another method that has been utilized in the fabrication process of soft robotics/sensors
is lithography techniques where the ink is applied to the grease treatment or a flat and
blank image surface, which then repels the ink because of the wet surface. Lithography
techniques possess high resolution and have the ability to pattern a variety of substrates
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and surfaces using lithography; the metal liquids (ink) are deposited on a soft substrate and
achieve the desired pattern or structure for the strain sensor to make it super stretchable,
as shown in Figure 8a. Lithography techniques have some limitations (such as only being
suitable for flat surfaces and having a limited wavelength), which is not always ideal in the
design of strain sensors.
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Figure 8. Fabrication methods to design a fluidic strain sensors: (a) a sensor designed using the
soft lithographic technique [77]; (b) a sensor designed through the mold-casting method [105]; (c) a
sensor fabricated using the wetting and pouring method [72]; and (d) the shrink-stretch pattern (SSP)
method was used along with tape transfer and the spraying technique to design the sensor [103].

The mold casting method is highly used among all the fabrication
methods [25,31,37,39,40,45,49,105]. The mold casting method is beneficial because of the
molds being reusable, having dimensional accuracy and surface finish. This method in-
cludes a process where a liquid material is poured inside the molds and tightens them;
then, they are set aside until the materials become hard and have the required shape. These
molds are designed using either 3D printing or other techniques. Using this process, casting
is performed by pouring/injecting the substrate or liquid metals into the molds to design
a durable strain sensor, as is shown in Figure 8b. This method is expensive because it
might involve the 3D printing techniques for casting, which also makes this method quite
time consuming.

Another method was introduced by Wu et al. [72], where the strain-gauge-shaped foil
was partially wetted in a NaCl solution and then the LM liquid was injected onto this copper
foil, as shown in Figure 8c; this method is called the direct pouring method [72]. Alongside
these, a new method named dip-coat-stretch was introduced by Ko et al. in [110]—the name
of the method is self-descriptive. Woven elastic material was used in the study to obtain
the desired durability. This elastic material was then dipped and coated in the conductive
liquid material in order to obtain a highly stretchable and efficient strain sensor. However,
the shrink-stretch-pattern (SSP) method was introduced by Sahlberg et al. in [103], as
shown in Figure 8d, where the tape transfers patterning along with spray coating to design
a fluidic strain sensor with special patterning to produce a stretchable strain sensor
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5. Applications of Fluidic Type Strain Sensors

Fluidic strain sensors have been used in a wide range of applications, not only limited
to wearable applications such as health monitoring, sports, and gaming, but also in robotics.
In this section, different applications are discussed in detail.

5.1. Wearable Devices

Fluidic strain sensors are widely applicable in motion detection applications by wear-
ing them on different parts of the body, such as the knee, elbow, or finger. Sensors are
attached to the skin, and adhesive tape is used to make them easily accessible. strain sensor
designed to monitor movements [73] are shown in Figure 9a whereas In [40], the strain
sensor was designed to detect the motion of the finger. Here, the sensor was attached to
the index finger, detecting whether the fist is closed or the finger is extended as shown
in Figure 9b. Similarly, finger movement, rotation of the wrist, and water drinking were
detected in [31]. The sensor was attached to the skin to distinguish the static as well as
dynamic motion of the body. Similarly, Choi et al. [39] showed a sensor applicable for
health monitoring, smart clothing, and virtual reality systems by detecting the responses of
the electrical resistance caused by deformations. Furthermore, low-cost and highly stretch-
able sensors were designed in [19,49,91] for medical, flexible, and wearable applications.
Similarly, wearable sensor to detect elbow flexation [104] has been designed and shown in
Figure 9c. Gao et al. in [100] present a sensor with outstanding mechanical deformability
that can be attached to joints, fingers, wrists, etc., For the detection of skin movements.
sensor worn to detect bicep muscle tuning were reported in [109] as shown in Figure 9d.
For chronic monitoring applications, interfacing low-power wearable electronics with low
sensor resistance but good strain sensors was presented in [76]. Moreover, wearable sensor
to detect the motion of the knee was introduced in [91] and can be shown in Figure 9. An-
other sensor has been designed in [110] for the firefighter’s glove for the motion detection
which can be seen in Figure 9f.

Strain sensor |

Double-sdad tape — g
Thermal fim —

(e)

Figure 9. Applications of wearable strain sensors: (a) strain sensor designed to monitor move-
ments [73]; (b) wearable strain sensor to detect finger movement [40]; (c) wearable sensor to detect
elbow flexation [103]; (d) sensor worn to detect bicep muscle tuning [109]; (e) wearable sensor to
detect the motion of the knee [91]; (f) attaching a sensor to a firefighter’s glove to detect motion [110].



Electronics 2022, 11, 2903

18 of 24

A robust strain sensor using a simple fabrication methodology was designed in [44]
for high-end feedback applications such as monitoring the fingers, arm, joints (elbow and
knee), and neck of the human.

5.2. High-End Feedback for Soft Robotics Systems

Fluidic strain sensor applications are not limited to health monitoring and other
medical applications only but have broad applications in the field of robotics too. Soft
sensors are necessary for wearable robots or other functional robots to allow for soft human-—
robot contact and feedback control of the robotic actions. These robots might be therapeutic
wearable robots, transporting robots, or soft robotic grippers. These fluidic sensors are
applied in conventional as well as soft robotics. Wu et al. in [72] tried to remotely control
the position of the robotic hand by providing gestures with a glove-mounted sensor, as
shown in Figure 10a where different motions of the fingers were analyzed by making a hard
fist as shown in Figure 10a(I) and analyzing the motion by closing and opening number of
fingers as shown in Figure 10a(II-V). Furthermore, for soft robotics, the stretchable strain
sensor was designed in [77,94], showing the potential to implement the strain sensors in
soft robotics as shown in Figure 10b where the study in [77] presented a robot which is
designed with the help of strain sensors to analyze the motion of the robot joint.
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Figure 10. Flexible strain sensor application in robotics: (a) controlling a robotic hand from the remote
position [72]; (I) original state (IT) hard fist (III) bending 3 fingers (IV) bending 2 fingers and (V) and
bending 4 fingers (b) the sensor is attached to the robot joint to analyze the movement [77]; (c) the
sensor attached to the legs under water [45]; (d) to move the robotic finger as feedback, the sensor is
attached in the human finger [37].

Similarly, Soomro et al. in [45] presented a sensor that is applicable in motion detection
as well as robotics applications. The designed sensor was attached to the adhesive bandages
for detection purposes, whereas the sensor was used to mimic a robotic leg, which was
designed by using a commercial 3D printer that was tested and analyzed underwater, as is
shown in Figure 10c. To determine the displacement of the robot’s grippers and pneumatic
as well as hydraulic actuators, a fluidic strain sensor was designed by Keulemans et al.
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in [50]. However, the study in [37] have designed a robotic hand where the sensor is
attached to the human finger to get the feedback from the robotic finger as shown in
Figure 10d. Similarly, The studies in [73,103,106] showed that the relative change responses
in the deformation of strain sensors represent a high potential for small-scale robotics
systems. In one study;, a fluidic strain sensor [102] with high elasticity and deformation (to
some extent) offers applications in smart textiles, healthcare/fitness, and remote sensing of
a robot’s motion, or expansion and contraction of building and bridges. There are other
varieties of applications that involve flexible strain sensors based on conductive liquids
such as in artificial skin [45,113,114], where the conductive liquid-based strain sensors
are embedded or attached to the skin, where strain sensors work with a textile called
e-textile [92,115] for a wide range of purposes, as well as in physical training [97,116] to
detect the bending and motion.

6. Challenges and Future Trends

Many attempts have been made to create innovative conductive liquid materials and
unique channel designs for the manufacturing and characterization of stretchable strain
sensors in light of current advancements in material science and composite structuring.
These strain sensors have been applied to sports, healthcare, and human motion detection.
The optimization of the composite structural interfaces, design and manufacturing repeata-
bility, modification of the percolation threshold, and incapability to execute long-term
operations as wearable devices, however, prevent them from achieving specific perfor-
mance capabilities [44]. Furthermore, the hysteresis is still the main problem, in addition
to the attainment of a higher gauge factor. There is also a bottleneck in increasing the
sensitivity by introducing less viscous liquid; however, this comes with the compromise
of noise. Moreover, attainment of high GF over a wide range (ideally full range) is also a
challenge for the researchers. For this, a specific operating range is selected where the GF
is almost constant [45]. It is common practice to disregard the sensor’s resistance to nu-
merous ambient conditions including humidity, temperature, light, and other disturbances.
Researchers should be careful to test their devices in such a real-world context because
the devices are often created and manufactured in a controlled environment [46,60]. This
will further enable the device to be robust and will provide a more accurate and reliable
output. In addition, due to injecting the liquid, there are often leakage problems that limit
the long-term operation of the sensor. There is a need for developing a better, simpler,
and reproducible fabrication technique that mitigates this issue. Most importantly, the
readout circuits limit the flexibility and conformity of the device due to their rigid nature,
temperature variations at long periods of operation, and increasing disturbance for the user
when using it as a wearable device.

Furthermore, a complicated system in a single device is what the future holds. This
may involve combining flexible sensors with integrated chips and other pertinent readout
circuitry. This raises questions about the potential restrictions for fluidic type strain sensors,
which can leak at high strains because of the integration of chips. The development of
flexible chips and other circuits that can be combined with the sensor to create a single
package ready to be utilized for diverse applications will be a new trend in the future.
Making this feasible will provide crucial support for the mainstream adoption of the
internet of things (IOT). Similar to this, it will be necessary to use materials that can
survive chip forms with arbitrary mechanical properties or sharp edges. To overcome
these challenges, the novel composition of conductive liquids and channel structures
should be introduced with a focus on the optimization of design using rigorous simulation
work and mathematical modeling. The viscosity of the liquids used can be optimized
for attaining better sensitivity and less hysteresis. Digital fabrication techniques can be
explored to innovate conformal, durable, and reliable devices with flexible read-out circuits.
Furthermore, adhesive bio-liquids can be used for fixing the sensor on the human body;,
rather than using any disturbing fixture. In addition, the bioliquids should also be explored
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for their conductive and strain sensing abilities, which will enable the risk-free use of such
wearable devices.

7. Conclusions

The development of fluidic-type flexible strain sensors is discussed in this paper,
considering a variety of liquid types, including liquid metals, ionic liquids, and chemically
produced liquids. Additionally, various channel structures, manufacturing methods, and
applications of these sensors in wearable as well as soft robotics have been covered in
detail and explored with an emphasis on their performance comparison. Fluidic strain
sensing has only lately gained attention, and therefore it has several difficulties such as poor
and variable GF, sensitivity, high cyclic response, biocompatibility in liquid materials in
particular, liquid leakage, and conformal device fixing to the human body. This analysis also
outlines potential trends for the future and ways to approach the problems. Additionally,
the goal of this work is to provide readers with thorough yet accessible comprehension.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/electronics11182903/s1, Figure S1: Information regarding
various reported works, (i) using various fabrication techniques, (ii) liquid materials, and (iii) chan-
nel structures.

Author Contributions: Conceptualization, A.M.S. and B.].; methodology, AM.S., B.J. and ].B.S,;
formal analysis, AM.S., B.J. and J.A.A ; investigation, FA.; resources, A.M.S.; data curation, H.A. and
M.W.; writing—original draft preparation, A.M.S. and B.J.; writing—review and editing, B.J., FA.,
M.W. and S.A.; supervision, A.M.S.; project administration, A.M.S.; funding acquisition, A.M.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Internal Research Grant by ORIC, Sukkur IBA Univer-
sity 2022.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Khanna, V.K. Flexible Electronics. Flex. Electron. 2019, 3, 1-417. [CrossRef]

2. Qi,K;He,]; Wang, H.; Zhou, Y.; You, X.; Nan, N.; Shao, W.; Wang, L.; Ding, B.; Cui, S. A Highly Stretchable Nanofiber-Based
Electronic Skin with Pressure-, Strain-, and Flexion-Sensitive Properties for Health and Motion Monitoring. ACS Appl. Mater.
Interfaces 2017, 9, 42951-42960. [CrossRef] [PubMed]

3. Cai, L.; Song, L.; Luan, P; Zhang, Q.; Zhang, N.; Gao, Q.; Zhao, D.; Zhang, X.; Tu, M.; Yang, E; et al. Super-stretchable, Transparent
Carbon Nanotube-Based Capacitive Strain Sensors for Human Motion Detection. Sci. Rep. 2013, 3, 1-9. [CrossRef] [PubMed]

4. Bae, G.Y;; Han, ].T; Lee, G.; Lee, S.; Kim, S.W,; Park, S.; Kwon, J.; Jung, S.; Cho, K. Pressure/Temperature Sensing Bimodal
Electronic Skin with Stimulus Discriminability and Linear Sensitivity. Adv. Mater. 2018, 30, 1-8. [CrossRef] [PubMed]

5. Iglio, R.; Mariani, S.; Robbiano, V.; Strambini, L.; Barillaro, G. Flexible Polydimethylsiloxane Foams Decorated with Multiwalled
Carbon Nanotubes Enable Unprecedented Detection of Ultralow Strain and Pressure Coupled with a Large Working Range. ACS
Appl. Mater. Interfaces 2018, 10, 13877-13885. [CrossRef]

6. Kim, S]J.; Mondal, S.; Min, B.K.; Choi, C.-G. Highly Sensitive and Flexible Strain—Pressure Sensors with Cracked Paddy-Shaped
MoS; /Graphene Foam/Ecoflex Hybrid Nanostructures. ACS Appl. Mater. Interfaces 2018, 10, 36377-36384. [CrossRef]

7. Thaheem, I; Ali, S.; Waqas, M.; Hussain, A.; Soomro, A.M.; Bhutto, Z.; Shah, S.A.R.; Muhammad, W.; Shah, J. Electrochemical
Performance of NiCopO4 Spinel Cathodes for Intermediate Temperature Solid Oxide Fuel Cells. Phys. Status Solidi 2021, 219,
2100542. [CrossRef]

8. Chethikkattuveli Salih, A.R.; Hyun, K,; Asif, A.; Farooqi, HM.U.; Kim, Y.S.; Kim, K.H.; Lee, ] W.; Huh, D.; Choi, K.H. Extracellular
Matrix Optimization for Enhanced Physiological Relevance in Hepatic Tissue-Chips. Polymers 2021, 13, 3016. [CrossRef]

9.  Soomro, A.M,; Jabbar, F; Ali, M.; Lee, ].-W.; Mun, S.W.; Choi, K.H. All-range flexible and biocompatible humidity sensor based
on poly lactic glycolic acid (PLGA) and its application in human breathing for wearable health monitoring. J. Mater. Sci. Mater.
Electron. 2019, 30, 9455-9465. [CrossRef]


https://www.mdpi.com/article/10.3390/electronics11182903/s1
http://doi.org/10.1126/science.1171230/asset/7de59e1b-09de-4ec5-ae52-dfef7f7d3d1d/assets/science.1171230.fp.png
http://doi.org/10.1021/acsami.7b07935
http://www.ncbi.nlm.nih.gov/pubmed/28891284
http://doi.org/10.1038/srep03048
http://www.ncbi.nlm.nih.gov/pubmed/24157842
http://doi.org/10.1002/adma.201803388
http://www.ncbi.nlm.nih.gov/pubmed/30216564
http://doi.org/10.1021/acsami.8b02322
http://doi.org/10.1021/acsami.8b11233
http://doi.org/10.1002/pssa.202100542
http://doi.org/10.3390/polym13173016
http://doi.org/10.1007/s10854-019-01277-1

Electronics 2022, 11, 2903 21 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gao, W,; Ota, H.; Kiriya, D.; Takei, K,; Javey, A. Flexible Electronics toward Wearable Sensing. Acc. Chem. Res. 2019, 52, 523-533.
[CrossRef]

Borini, S.; White, R.; Wei, D.; Astley, M.; Haque, S.; Spigone, E.; Harris, N.; Kivioja, J.; Ryhédnen, T. Ultrafast Graphene Oxide
Humidity Sensors. ACS Nano 2013, 7, 11166-11173. [CrossRef] [PubMed]

Pignanelli, J.; Schlingman, K.; Carmichael, T.B.; Rondeau-Gagné, S.; Ahamed, M.]. A comparative analysis of capacitive-based
flexible PDMS pressure sensors. Sens. Actuators A Phys. 2018, 285, 427-436. [CrossRef]

Xue, J.; Zhu, Z.; Xu, X.; Gu, Y,; Wang, S.; Xu, L.; Zou, Y,; Song, J.; Zeng, H.; Chen, Q. Narrowband Perovskite Photodetector-Based
Image Array for Potential Application in Artificial Vision. Nano Lett. 2018, 18, 7628-7634. [CrossRef] [PubMed]

Kim, H.B.; Sajid, M.; Kim, K.T.; Na, K.H.; Choi, K.H. Linear humidity sensor fabrication using bi-layered active region of transition
metal carbide and polymer thin films. Sens. Actuators B Chem. 2017, 252, 725-734. [CrossRef]

Varghese, O.K.; Kichambre, P.D.; Gong, D.; Ong, K.G.; Dickey, E.C.; Grimes, C.A. Gas sensing characteristics of multi-wall carbon
nanotubes. Sens. Actuators B Chem. 2001, 81, 32—41. [CrossRef]

Huang, ].-Q.; Zhang, Q.; Wei, E. Multi-functional separator/interlayer system for high-stable lithium-sulfur batteries: Progress
and prospects. Energy Storage Mater. 2015, 1, 127-145. [CrossRef]

Ali, S.; Waqas, M.; Jing, X.; Chen, N.; Chen, D.; Xiong, J.; He, W. Carbon-Tungsten Disulfide Composite Bilayer Separator for
High-Performance Lithium-Sulfur Batteries. ACS Appl. Mater. Interfaces 2018, 10, 39417-39421. [CrossRef]

Liang, Z.; Zhao, Y.; Li, Y. Electrospun Core-Shell Nanofiber as Separator for Lithium-Ion Batteries with High Performance and
Improved Safety. Energies 2019, 12, 3391. [CrossRef]

Zeeshan; Ahmed, R.; Chun, W.; Oh, S.J.; Kim, Y. Power Generation from a Hybrid Generator (TENG-EMG) Run by a Thermomag-
netic Engine Harnessing Low Temperature Waste Heat. Energies 2019, 12, 1774. [CrossRef]

Wagqas, M.; Ali, S.; Chen, D.; Boateng, B.; Han, Y.; Zhang, M.; Han, J.; Goodenough, ].B.; He, W. A robust bi-layer separator with
Lewis acid-base interaction for high-rate capacity lithium-ion batteries. Compos. Part B Eng. 2019, 177, 107448. [CrossRef]
Neudeck, S.; Mazilkin, A.; Reitz, C.; Hartmann, P.; Janek, J.; Brezesinski, T. Effect of Low-Temperature AI203 ALD Coating on
Ni-Rich Layered Oxide Composite Cathode on the Long-Term Cycling Performance of Lithium-Ion Batteries. Sci. Rep. 2019,
9, 1-11. [CrossRef]

Corzo, D.; Tostado-Blazquez, G.; Baran, D. Flexible Electronics: Status, Challenges and Opportunities. Front. Electron. 2020,
1, 594003. [CrossRef]

Khalid, M.A.U.; Kim, SW.; Lee, ]J.; Soomro, A.M.; Rehman, M.M.; Lee, B.-G.; Choi, K.H. Resistive switching device based on
SrTiO3/PVA hybrid composite thin film as active layer. Polymer 2020, 189, 122183. [CrossRef]

Ali, M.; Khalid, M.A.U.; Kim, Y.S.; Soomro, A.M.; Hussain, S.; Doh, Y.H.; Choi, KH. MWCNTs/PEDOT: PSS Composite as
Guiding Layer on Screen-Printed Carbon Electrode for Linear Range Lactate Detection. J. Electrochem. Soc. 2021, 168, 037507.
[CrossRef]

Lee, J.-W.; Soomro, A.M.; Waqgas, M.; Khalid, M.A.U.; Choi, K.H. A highly efficient surface modified separator fabricated with
atmospheric atomic layer deposition for high temperature lithium ion batteries. Int. J. Energy Res. 2020, 44, 7035-7046. [CrossRef]
Soomro, A.M.; Lee, J.-W.; Waqas, M.; Kim, Y.S.; Ali, M.; Khalid, M.A.U.; Choi, K.H. A Robust Surface-Modified Separator
Fabricated with Roll-to-Roll Atomic Layer Deposition and Electrohydrodynamic Deposition Techniques for High Temperature
Lithium Ion Batteries. J. Electrochem. Soc. 2020, 167, 160507. [CrossRef]

Soomro, A.M.; Memon, EH.; Lee, J.-W.; Ahmed, F,; Kim, K.H.; Kim, Y.S.; Choi, K.H. Fully 3D printed multi-material soft
bio-inspired frog for underwater synchronous swimming. Int. J. Mech. Sci. 2021, 210, 106725. [CrossRef]

Ali, M,; Kim, Y.S.; Khalid, M.A.U.; Soomro, A.M.; Lee, J].-W.; Lim, J.-H.; Choi, K.H.; Ho, L.S. On-chip real-time detection and
quantification of reactive oxygen species in MCF-7 cells through an in-house built fluorescence microscope. Microelectron. Eng.
2020, 233, 111432. [CrossRef]

Zhao, Y.; Huang, Y.; Hu, W.; Guo, X.; Wang, Y.; Liu, P; Liu, C.; Zhang, Y. Highly sensitive flexible strain sensor based on threadlike
spandex substrate coating with conductive nanocomposites for wearable electronic skin. Smart Mater. Struct. 2018, 28, 035004.
[CrossRef]

Herrmann, J.; Miiller, K.-H.; Reda, T.; Baxter, G.R.; Raguse, B.; De Groot, G.J.].B.; Chai, R.; Roberts, M.E.; Wieczorek, L.
Nanoparticle films as sensitive strain gauges. Appl. Phys. Lett. 2007, 91, 183105. [CrossRef]

Qi, Z.; Bian, H.; Yang, Y.; Nie, N.; Wang, F. Graphene/Glycerin Solution-Based Multifunctional Stretchable Strain Sensor with
Ultra-High Stretchability, Stability, and Sensitivity. Nanomaterials 2019, 9, 617. [CrossRef] [PubMed]

Aziz, S.; Chang, S.-H. Smart-fabric sensor composed of single-walled carbon nanotubes containing binary polymer composites
for health monitoring. Compos. Sci. Technol. 2018, 163, 1-9. [CrossRef]

Wan, J.; Wang, Q.; Zang, S.; Huang, X.; Wang, T.; Liu, G.; Li, C.; Ren, X. Highly stretchable and sensitive liquid-type strain sensor
based on a porous elastic rope/elastomer matrix composite structure. Compos. Sci. Technol. 2019, 182, 107707. [CrossRef]

Wu, G.;; Wu, X,; Xu, Y,; Cheng, H.; Meng, J.; Yu, Q.; Shi, X.; Zhang, K.; Chen, W.; Chen, S. High-Performance Hierarchical
Black-Phosphorous-Based Soft Electrochemical Actuators in Bioinspired Applications. Adv. Mater. 2019, 31, 1806492. [CrossRef]
Costa, J.C.; Spina, F; Lugoda, P.; Garcia-Garcia, L.; Roggen, D.; Munzenrieder, N. Flexible Sensors—From Materials to Applications.
Technologies 2019, 7, 35. [CrossRef]

Khalid, M.A.U.; Ali, M.; Soomro, A.M.; Kim, SW.; Kim, H.B.; Lee, B.-G.; Choi, K.H. A highly sensitive biodegradable pressure
sensor based on nanofibrous dielectric. Sensors Actuators A Phys. 2019, 294, 140-147. [CrossRef]


http://doi.org/10.1021/acs.accounts.8b00500
http://doi.org/10.1021/nn404889b
http://www.ncbi.nlm.nih.gov/pubmed/24206232
http://doi.org/10.1016/j.sna.2018.11.014
http://doi.org/10.1021/acs.nanolett.8b03209
http://www.ncbi.nlm.nih.gov/pubmed/30457343
http://doi.org/10.1016/j.snb.2017.06.052
http://doi.org/10.1016/S0925-4005(01)00923-6
http://doi.org/10.1016/j.ensm.2015.09.008
http://doi.org/10.1021/acsami.8b12682
http://doi.org/10.3390/en12173391
http://doi.org/10.3390/en12091774
http://doi.org/10.1016/j.compositesb.2019.107448
http://doi.org/10.1038/s41598-019-41767-0
http://doi.org/10.3389/felec.2020.594003
http://doi.org/10.1016/j.polymer.2020.122183
http://doi.org/10.1149/1945-7111/abeaee
http://doi.org/10.1002/er.5371
http://doi.org/10.1149/1945-7111/abca71
http://doi.org/10.1016/j.ijmecsci.2021.106725
http://doi.org/10.1016/j.mee.2020.111432
http://doi.org/10.1088/1361-665X/aaf3ce
http://doi.org/10.1063/1.2805026
http://doi.org/10.3390/nano9040617
http://www.ncbi.nlm.nih.gov/pubmed/31014031
http://doi.org/10.1016/j.compscitech.2018.05.012
http://doi.org/10.1016/j.compscitech.2019.107707
http://doi.org/10.1002/adma.201806492
http://doi.org/10.3390/technologies7020035
http://doi.org/10.1016/j.sna.2019.05.021

Electronics 2022, 11, 2903 22 of 24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bhattacharjee, M.; Soni, M.; Escobedo, P.; Dahiya, R. PEDOT:PSS Microchannel-Based Highly Sensitive Stretchable Strain Sensor.
Adv. Electron. Mater. 2020, 6, 2000445. [CrossRef]

Kagenda, C.; Lee, ]JW.; Memon, EH.; Ahmed, F; Samantasinghar, A.; Akhtar, M.W.; Khalique, A.; Choi, K.H. Silicone Elastomer
Composites Fabricated with MgO and MgO-Multi-Wall Carbon Nanotubes with Improved Thermal Conductivity. Nanomaterials
2021, 11, 3418. [CrossRef]

Choi, D.Y.;; Kim, M.H.; Oh, Y.S.; Jung, S.-H.; Jung, ].H.; Sung, H.J.; Lee, HW.; Lee, H.M. Highly Stretchable, Hysteresis-Free Ionic
Liquid-Based Strain Sensor for Precise Human Motion Monitoring. ACS Appl. Mater. Interfaces 2017, 9, 1770-1780. [CrossRef]
Xu, S.; Vogt, D.M.; Hsu, W.-H.; Osborne, J.; Walsh, T.; Foster, ].R.; Sullivan, S.K.; Smith, V.C.; Rousing, A.W.; Goldfield, E.C.; et al.
Biocompatible Soft Fluidic Strain and Force Sensors for Wearable Devices. Adv. Funct. Mater. 2018, 29, 1807058. [CrossRef]
Zhou, T.; Guo, B.; Xu, J. Highly Filled Glycerol /Graphite Suspensions as Fluidic Soft Sensors and Their Responsive Mechanism to
Shear. Adv. Mater. Technol. 2020, 5, 2000508. [CrossRef]

Yang, G.; Pang, G.; Pang, Z.; Gu, Y.; Mantysalo, M.; Yang, H. Non-Invasive Flexible and Stretchable Wearable Sensors with
Nano-Based Enhancement for Chronic Disease Care. IEEE Rev. Biomed. Eng. 2019, 12, 34-71. [CrossRef] [PubMed]

Wang, P.; Hu, M.; Wang, H.; Chen, Z.; Feng, Y.; Wang, |.; Ling, W.; Huang, Y. The Evolution of Flexible Electronics: From Nature,
Beyond Nature, and To Nature. Adv. Sci. 2020, 7, 2001116. [CrossRef]

Jabbar, E; Soomro, A.M.; Lee, J.-W.; Ali, M.; Kim, Y.S; Lee, S.-H.; Choi, K.H. Robust Fluidic Biocompatible Strain Sensor Based on
PEDOT:PSS/CNT Composite for Human-wearable and High-end Robotic Applications. Sensors Mater. 2020, 32, 4077. [CrossRef]
Soomro, A.M.; Khalid, M.A.U.; Shah, I.; Kim, S.W.; Kim, Y.S.; Choi, K.H. Highly stable soft strain sensor based on Gly-KCl filled
sinusoidal fluidic channel for wearable and water-proof robotic applications. Smart Mater. Struct. 2019, 29, 025011. [CrossRef]
Asif, A.; Park, SH.; Soomro, A.M.; Khalid, M.A.U; Salih, A.R.C.; Kang, B.; Ahmed, F.; Kim, K.H.; Choi, K.H. Microphysiological
system with continuous analysis of albumin for hepatotoxicity modeling and drug screening. J. Ind. Eng. Chem. 2021, 98, 318-326.
[CrossRef]

Bringans, R.D.; Veres, ]. Challenges and Opportunities in Flexible Electronics. In Proceedings of the 2016 IEEE International
Electron Devices Meeting (IEDM), San Francisco, CA, USA, 3-7 December 2016; Volume 6.4.1-6.4.2. [CrossRef]

Zhang, S.-H.; Wang, F.-X; Li, J.-].; Peng, H.-D.; Yan, ].-H.; Pan, G.-B. Wearable Wide-Range Strain Sensors Based on Ionic Liquids
and Monitoring of Human Activities. Sensors 2017, 17, 2621. [CrossRef] [PubMed]

Russo, S.; Ranzani, T.; Liu, H.; Nefti-Meziani, S.; Althoefer, K.; Menciassi, A. Soft and Stretchable Sensor Using Biocompatible
Electrodes and Liquid for Medical Applications. Soft Robot. 2015, 2, 146-154. [CrossRef]

Keulemans, G.; Pelgrims, P.; Bakula, M.; Ceyssens, F.; Puers, R. An Ionic Liquid Based Strain Sensor for Large Displacements.
Procedia Eng. 2014, 87, 1123-1126. [CrossRef]

Xu, M,; Qi, J; Li, F; Zhang, Y. Highly stretchable strain sensors with reduced graphene oxide sensing liquids for wearable
electronics. Nanoscale 2018, 10, 5264-5271. [CrossRef]

Dickey, M.D. Stretchable and Soft Electronics using Liquid Metals. Adv. Mater. 2017, 29, 1606425. [CrossRef] [PubMed]

Yao, G.; Yin, C,; Wang, Q.; Zhang, T.; Chen, S.; Lu, C.; Zhao, K.; Xu, W.; Pan, T.; Gao, M; et al. Flexible bioelectronics for
physiological signals sensing and disease treatment. J. Materiomics 2020, 6, 397—413. [CrossRef]

Ali, A.; Hantanasirisakul, K.; Abdala, A.; Urbankowski, P.; Zhao, M.-Q.; Anasori, B.; Gogotsi, Y.; Aissa, B.; Mahmoud, K.A. Effect
of Synthesis on Performance of MXene/Iron Oxide Anode Material for Lithium-Ion Batteries. Langmuir 2018, 34, 11325-11334.
[CrossRef] [PubMed]

Ota, H.; Chen, K; Lin, Y;; Kiriya, D.; Shiraki, H.; Yu, Z.; Ha, T.-].; Javey, A. Highly deformable liquid-state heterojunction sensors.
Nat. Commun. 2014, 5, 5032. [CrossRef] [PubMed]

Agaoglu, S.; Diep, P.; Martini, M.; Kt, S.; Baday, M.; Araci, LE. Ultra-sensitive microfluidic wearable strain sensor for intraocular
pressure monitoring. Lab Chip 2018, 18, 3471-3483. [CrossRef]

Cheung, Y.-N.; Zhu, Y.; Cheng, C.-H.; Chao, C.; Leung, WW.-E. A novel fluidic strain sensor for large strain measurement. Sens.
Actuators A Phys. 2008, 147, 401-408. [CrossRef]

He, R.; Liu, H.; Niu, Y.; Zhang, H.; Genin, G.M.; Xu, F. Flexible Miniaturized Sensor Technologies for Long-Term Physiological
Monitoring. NPJ Flex. Electron. 2022, 6, 1-11. [CrossRef]

Ashraf, H.; Shah, B.; Soomro, A.M.; Safdar, Q.-U.; Halim, Z.; Shah, S.K. Ambient-noise Free Generation of Clean Underwater Ship
Engine Audios from Hydrophones using Generative Adversarial Networks. Comput. Electr. Eng. 2022, 100, 107970. [CrossRef]
Khan, H.; Soomro, A.M.; Samad, A.; Ullah, I.; Waqas, M.; Ashraf, H.; Khan, S.A.; Choi, K.H. Highly sensitive mechano-optical
strain sensors based on 2D materials for human wearable monitoring and high-end robotic applications. J. Mater. Chem. C 2022,
10, 932-940. [CrossRef]

Ahmed, E; Waqas, M.; Shaikh, B.; Khan, U.; Soomro, A.M.; Kumar, S.; Ashraf, H.; Memon, EH.; Choi, K.H. Multi-material
Bio-inspired Soft Octopus Robot for Underwater Synchronous Swimming. J. Bionic Eng. 2022, 19, 1229-1241. [CrossRef]
Ahmed, E; Waqas, M.; Javed, B.; Soomro, A.M.; Kumar, S.; Ashraf, H.; Khan, U.; Kim, K.H.; Choi, K.H. Decade of bio-inspired
soft robots: A review. Smart Mater. Struct. 2022, 31, 073002. [CrossRef]

Khalid, M.A.U.; Kim, K.H.; Salih, A.R.C.; Hyun, K,; Park, S.H.; Kang, B.; Soomro, A.M.; Ali, M.; Jun, Y.; Huh, D.; et al. High
performance inkjet printed embedded electrochemical sensors for monitoring hypoxia in a gut bilayer microfluidic chip. Lab Chip
2022, 22, 1764-1778. [CrossRef]

Geim, A K. Graphene: Status and Prospects. Science 2009, 324, 1530-1534. [CrossRef]


http://doi.org/10.1002/aelm.202000445
http://doi.org/10.3390/nano11123418
http://doi.org/10.1021/acsami.6b12415
http://doi.org/10.1002/adfm.201807058
http://doi.org/10.1002/admt.202000508
http://doi.org/10.1109/RBME.2018.2887301
http://www.ncbi.nlm.nih.gov/pubmed/30571646
http://doi.org/10.1002/advs.202001116
http://doi.org/10.18494/SAM.2020.3085
http://doi.org/10.1088/1361-665X/ab540b
http://doi.org/10.1016/j.jiec.2021.03.035
http://doi.org/10.1109/iedm.2016.7838361
http://doi.org/10.3390/s17112621
http://www.ncbi.nlm.nih.gov/pubmed/29135928
http://doi.org/10.1089/soro.2015.0011
http://doi.org/10.1016/j.proeng.2014.11.362
http://doi.org/10.1039/C7NR09022F
http://doi.org/10.1002/adma.201606425
http://www.ncbi.nlm.nih.gov/pubmed/28417536
http://doi.org/10.1016/j.jmat.2019.12.005
http://doi.org/10.1021/acs.langmuir.8b01953
http://www.ncbi.nlm.nih.gov/pubmed/30169960
http://doi.org/10.1038/ncomms6032
http://www.ncbi.nlm.nih.gov/pubmed/25262698
http://doi.org/10.1039/C8LC00758F
http://doi.org/10.1016/j.sna.2008.05.013
http://doi.org/10.1038/s41528-022-00146-y
http://doi.org/10.1016/j.compeleceng.2022.107970
http://doi.org/10.1039/D1TC03519C
http://doi.org/10.1007/s42235-022-00208-x
http://doi.org/10.1088/1361-665X/ac6e15
http://doi.org/10.1039/D1LC01079D
http://doi.org/10.1126/science.1158877

Electronics 2022, 11, 2903 23 of 24

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Anonymous. Potassium Iodide Oral: Uses, Side Effects, Interactions, Pictures, Warnings & Dosing—WebMD. Available online:
https:/ /www.webmd.com/drugs/2/drug-1823/potassium-iodide-oral/details (accessed on 27 July 2022).

Feldman, S.R. Sodium Chloride. In Kirk-Othmer Encyclopedia of Chemical Technology; John Wiley & Sons: Hoboken, NJ, USA, 2005;
Available online: https://doi.org/10.1002/0471238961.1915040902051820.a01.pub2 (accessed on 8 June 2022).

Dickey, M.; Chiechi, R.; Larsen, R.J.; Weiss, E.A.; Weitz, D.A.; Whitesides, G.M. Eutectic Gallium-Indium (EGaln): A Liquid Metal
Alloy for the Formation of Stable Structures in Microchannels at Room Temperature**. Adv. Funct. Mater. 2008, 18, 1097-1104.
[CrossRef]

Kaufman, S.; Whalen, T. The surface tension of liquid gold, liquid tin, and liquid gold-tin binary solutions. Acta Met. 1965, 13,
797-805. [CrossRef]

Liu, H.; Shi, X,; Xu, E; Zhang, L.; Zhang, W.; Chen, L,; Li, Q.; Uher, C.; Day, T.; Snyder, ]. Copper ion liquid-like thermoelectrics.
Nat. Mater. 2012, 11, 422-425. [CrossRef] [PubMed]

Johnson, K.E. What's an Ionic Liquid? Electrochem. Soc. Interface 2007, 16, 38—41. [CrossRef]

Espinet, P; Esteruelas, M.; Oro, L.; Serrano, J.; Sola, E. Transition metal liquid crystals: Advanced materials within the reach of the
coordination chemist. Coord. Chem. Rev. 1992, 117, 215-274. [CrossRef]

Wu, Y,; Zhou, Y.; Asghar, W.; Liu, Y.; Li, E; Sun, D.; Hu, C.; Wu, Z,; Shang, ].; Yu, Z.; et al. Liquid Metal-Based Strain Sensor with
Ultralow Detection Limit for Human—-Machine Interface Applications. Adv. Intell. Syst. 2021, 3, 2000235. [CrossRef]

Yan, H.-L.; Chen, Y.-Q.; Deng, Y.; Zhang, L.-L.; Hong, X.; Lau, W.-M.; Mei, J.; Hui, D.; Yan, H.; Liu, Y. Coaxial printing method for
directly writing stretchable cable as strain sensor. Appl. Phys. Lett. 2016, 109, 083502. [CrossRef]

Ryu, C; Park, J.; Jung, S.I; Jang, LR.; Kim, H.]. Measurement of Pulsating Flow Using a Self-Attachable Flexible Strain Sensor
Based on Adhesive PDMS and CNT. Chemosensors 2022, 10, 187. [CrossRef]

Arabagi, V,; Felfoul, O.; Gosline, A.H.; Wood, R.J.; Dupont, P.E. Biocompatible Pressure Sensing Skins for Minimally Invasive
Surgical Instruments. IEEE Sens. J. 2016, 16, 1294-1303. [CrossRef] [PubMed]

Chong, H.; Lou, J.; Bogie, KM.; Zorman, C.A.; Majerus, S.J.A. Vascular Pressure-Flow Measurement Using CB-PDMS Flexible
Strain Sensor. IEEE Trans. Biomed. Circuits Syst. 2019, 13, 1451-1461. [CrossRef] [PubMed]

Chen, J.; Zhang, J.; Luo, Z.; Zhang, J.; Li, L.; Su, Y.; Gao, X.; Li, Y;; Tang, W.; Cao, C.; et al. Superelastic, Sensitive, and Low
Hysteresis Flexible Strain Sensor Based on Wave-Patterned Liquid Metal for Human Activity Monitoring. ACS Appl. Mater.
Interfaces 2020, 12, 22200-22211. [CrossRef] [PubMed]

Lei, Z.; Chen, B.; Koo, Y.-M.; MacFarlane, D.R. Introduction: Ionic Liquids. Chem. Rev. 2017, 117, 6633—-6635. [CrossRef]

Shah, FU.; An, R.; Muhammad, N. Editorial: Properties and Applications of Ionic Liquids in Energy and Environmental Science.
Front. Chem. 2020, 8, 1190. [CrossRef]

Giernoth, R. Task-Specific Ionic Liquids. Angew. Chem. Int. Ed. 2010, 49, 2834-2839. [CrossRef]

Visser, A.E.; Holbrey, ].D.; Rogers, R.D. Hydrophobic ionic liquids incorporating N-alkylisoquinolinium cations and their
utilization in liquid-liquid separations. Chem. Commun. 2001, 1, 2484-2485. [CrossRef]

Dzyuba, S.V.; Bartsch, R.A. New room-temperature ionic liquids with C2-symmetrical imidazolium cations. Chem. Commun. 2001,
1, 1466-1467. [CrossRef]

Holbrey, J.D.; Seddon, K.R. The phase behaviour of 1-alkyl-3-methylimidazolium tetrafluoroborates; ionic liquids and ionic liquid
crystals. J. Chem. Soc., Dalton Trans. 1999, 13, 2133-2140. [CrossRef]

Chun, S.; Dzyuba, S.V,; Bartsch, R.A. Influence of Structural Variation in Room-Temperature Ionic Liquids on the Selectivity and
Efficiency of Competitive Alkali Metal Salt Extraction by a Crown Ether. Anal. Chem. 2001, 73, 3737-3741. [CrossRef] [PubMed]
Althuluth, M.; Overbeek, ].P.; van Wees, H.J.; Zubeir, L.; Haije, W.G.; Berrouk, A.; Peters, C.J.; Kroon, M.C. Natural gas purification
using supported ionic liquid membrane. . Membr. Sci. 2015, 484, 80-86. [CrossRef]

Neves, L.A.; Crespo, J.; Coelhoso, I. Gas permeation studies in supported ionic liquid membranes. |. Membr. Sci. 2010, 357,
160-170. [CrossRef]

Hernandez-Fernandez, FJ.; de los Rios, A.P.; Tomas-Alonso, E,; Palacios, ].M.; Villora, G. Preparation of supported ionic liquid
membranes: Influence of the ionic liquid immobilization method on their operational stability. J. Membr. Sci. 2009, 341, 172-177.
[CrossRef]

Davis, ].J.H. Task-Specific Ionic Liquids. Chem. Lett. 2004, 33, 1072-1077. [CrossRef]

Lee, S.-G. Functionalized imidazolium salts for task-specific ionic liquids and their applications. Chem. Commun. 2006, 10,
1049-1063. [CrossRef]

Cui, J.; Zhu, W.; Gao, N.; Li, J.; Yang, H.; Jiang, Y.; Seidel, P.; Ravoo, B.].; Li, G. Inverse Opal Spheres Based on Polyionic Liquids as
Functional Microspheres with Tunable Optical Properties and Molecular Recognition Capabilities. Angew. Chem. Int. Ed. 2014, 53,
3844-3848. [CrossRef]

Asif, A.; Kim, K.H.; Jabbar, E; Sejoong, K.; Choi, K.H. Real-time sensors for live monitoring of disease and drug analysis in
microfluidic model of proximal tubule. Microfluid. Nanofluid 2020, 24, 1-10. [CrossRef]

Yepes, L.R.; Demir, E.; Lee, ].Y.; Sun, R.; Smuck, M.; Araci, L.E. Skin Mountable Capillaric Strain Sensor with Ultrahigh Sensitivity
and Direction Specificity. Adv. Mater. Technol. 2020, 5, 2000631. [CrossRef]

Prasad, B.; Gill, ES.; Panwar, V.; Anoop, G. Development of strain sensor using conductive poly(vinylidene fluoride) (PVDF)
nanocomposite membrane reinforced with ionic liquid (IL) & carbon nanofiber (CNF). Compos. Part B Eng. 2019, 173, 106990.
[CrossRef]


https://www.webmd.com/drugs/2/drug-1823/potassium-iodide-oral/details
https://doi.org/10.1002/0471238961.1915040902051820.a01.pub2
http://doi.org/10.1002/adfm.200701216
http://doi.org/10.1016/0001-6160(65)90144-6
http://doi.org/10.1038/nmat3273
http://www.ncbi.nlm.nih.gov/pubmed/22406814
http://doi.org/10.1149/2.F04071IF
http://doi.org/10.1016/0010-8545(92)80025-M
http://doi.org/10.1002/aisy.202000235
http://doi.org/10.1063/1.4961493
http://doi.org/10.3390/chemosensors10050187
http://doi.org/10.1109/JSEN.2015.2498481
http://www.ncbi.nlm.nih.gov/pubmed/27642266
http://doi.org/10.1109/TBCAS.2019.2946519
http://www.ncbi.nlm.nih.gov/pubmed/31603827
http://doi.org/10.1021/acsami.0c04709
http://www.ncbi.nlm.nih.gov/pubmed/32315158
http://doi.org/10.1021/acs.chemrev.7b00246
http://doi.org/10.3389/fchem.2020.627213
http://doi.org/10.1002/anie.200905981
http://doi.org/10.1039/b109340c
http://doi.org/10.1039/b104512c
http://doi.org/10.1039/a902818h
http://doi.org/10.1021/ac010061v
http://www.ncbi.nlm.nih.gov/pubmed/11510842
http://doi.org/10.1016/j.memsci.2015.02.033
http://doi.org/10.1016/j.memsci.2010.04.016
http://doi.org/10.1016/j.memsci.2009.06.003
http://doi.org/10.1246/cl.2004.1072
http://doi.org/10.1039/b514140k
http://doi.org/10.1002/anie.201308959
http://doi.org/10.1007/s10404-020-02347-1
http://doi.org/10.1002/admt.202000631
http://doi.org/10.1016/j.compositesb.2019.106990

Electronics 2022, 11, 2903 24 of 24

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Yoon, S.G.; Koo, H.-J.; Chang, S.T. Highly Stretchable and Transparent Microfluidic Strain Sensors for Monitoring Human Body
Motions. ACS Appl. Mater. Interfaces 2015, 7, 27562-27570. [CrossRef] [PubMed]

Narongthong, J.; Wie8ner, S.; Hait, S.; Sirisinha, C.; Stockelhuber, K.W. Strain-rate independent small-strain-sensor: Enhanced
responsiveness of carbon black filled conductive rubber composites at slow deformation by using an ionic liquid. Compos. Sci.
Technol. 2020, 188, 107972. [CrossRef]

Narongthong, J.; Das, A.; Le, H.H.; Wiefiner, S.; Sirisinha, C. An efficient highly flexible strain sensor: Enhanced electrical
conductivity, piezoresistivity and flexibility of a strongly piezoresistive composite based on conductive carbon black and an ionic
liquid. Compos. Part A Appl. Sci. Manuf. 2018, 113, 330-338. [CrossRef]

Yoon, S.G,; Park, B.J.; Chang, S.T. Highly sensitive microfluidic strain sensors with low hysteresis using a binary mixture of ionic
liquid and ethylene glycol. Sens. Actuators A Phys. 2017, 254, 1-8. [CrossRef]

Huang, H.-J.; Ning, X.; Zhou, M.-B.; Sun, T.; Wu, X.; Zhang, X.-P. A Three-Dimensional Printable Liquid Metal-Like Ag
Nanoparticle Ink for Making a Super-Stretchable and Highly Cyclic Durable Strain Sensor. ACS Appl. Mater. Interfaces 2021, 13,
18021-18032. [CrossRef] [PubMed]

Wang, X.; Guo, R;; Yuan, B.; Yao, Y.; Wang, F,; Liu, J. Ni-doped Liquid Metal Printed Highly Stretchable and Conformable Strain
Sensor for Multifunctional Human-Motion Monitoring. In Proceedings of the IEEE 2018 40th Annual International Conference of
the IEEE Engineering in Medicine and Biology Society (EMBC), Honolulu, HI, USA, 18-21 July 2018; pp. 3276-3279. [CrossRef]
Gao, Q.; Li, H.; Zhang, |.; Xie, Z.; Zhang, ]J.; Wang, L. Microchannel Structural Design for a Room-Temperature Liquid Metal
Based Super-stretchable Sensor. Sci. Rep. 2019, 9, 1-8. [CrossRef]

Lu, T.; Wissman, J.; Ruthika; Majidi, C. Soft Anisotropic Conductors as Electric Vias for Ga-Based Liquid Metal Circuits. ACS
Appl. Mater. Interfaces 2015, 7, 26923-26929. [CrossRef]

Cheng, S.; Wu, Z. A Microfluidic, Reversibly Stretchable, Large-Area Wireless Strain Sensor. Adv. Funct. Mater. 2011, 21, 2282-2290.
[CrossRef]

Sahlberg, A.; Nilsson, F; Berglund, A.; Nguyen, H.; Hjort, K.; Jeong, S.H. High-Resolution Liquid Alloy Patterning for Small
Stretchable Strain Sensor Arrays. Adv. Mater. Technol. 2018, 3, 1700330. [CrossRef]

Votzke, C.; Daalkhaijav, U.; Mengue, Y.; Johnston, M.L. Highly-Stretchable Biomechanical Strain Sensor using Printed Liquid
Metal Paste. In Proceedings of the 2018 IEEE Biomedical Circuits and Systems Conference (BioCAS), Cleveland, OH, USA,
17-19 October 2018; pp. 1-4. [CrossRef]

Hu, T,; Xuan, S.; Ding, L.; Gong, X. Liquid metal circuit based magnetoresistive strain sensor with discriminating magnetic and
mechanical sensitivity. Sensors Actuators B Chem. 2020, 314, 128095. [CrossRef]

Wu, Y.-H.; Zhen, R.-M,; Liu, H.-Z; Liu, 5.-Q.; Deng, Z.-F.; Wang, P--P.; Chen, S.; Liu, L. Liquid metal fiber composed of a tubular
channel as a high-performance strain sensor. J. Mater. Chem. C 2017, 5, 12483-12491. [CrossRef]

Otake, S.; Konishi, S. Integration of Flexible Strain Sensor Using Liquid Metal into Soft Micro-Actuator. In Proceedings of the
2018 IEEE Micro Electro Mechanical Systems (MEMS), Belfast, UK, 26 April 2018; pp. 571-574. [CrossRef]

Liu, J.; Lei, B,; Jiang, W.; Han, J.; Zhang, H.; Liu, H. A novel intrinsically strain sensor for large strain detection. Sens. Actuators A
Phys. 2021, 332, 113081. [CrossRef]

Yang, Y.; Wang, H.; Hou, Y,; Nan, S.; Di, Y.; Dai, Y,; Li, E; Zhang, ]. MWCNTs/PDMS composite enabled printed flexible
omnidirectional strain sensors for wearable electronics. Compos. Sci. Technol. 2022, 226, 109518. [CrossRef]

Ko, Y; Kim, J.-S; Vu, C,; Kim, ]. Ultrasensitive Strain Sensor Based on Pre-Generated Crack Networks Using Ag
Nanoparticles/Single-Walled Carbon Nanotube (SWCNT) Hybrid Fillers and a Polyester Woven Elastic Band. Sensors
2021, 21, 2531. [CrossRef]

Wang, P.; Wei, W,; Li, Z.; Duan, W.; Han, H.; Xie, Q. A superhydrophobic fluorinated PDMS composite as a wearable strain sensor
with excellent mechanical robustness and liquid impalement resistance. J. Mater. Chem. A 2020, 8, 3509-3516. [CrossRef]
Rajabasadi, F.; Schwarz, L.; Medina-Sanchez, M.; Schmidt, O.G. 3D and 4D lithography of untethered microrobots. Prog. Mater.
Sci. 2021, 120, 100808. [CrossRef]

Soter, G.; Garrad, M.; Conn, A.T.; Hauser, H.; Rossiter, J. Skinflow: A Soft Robotic Skin Based on Fluidic Transmission.
In Proceedings of the 2019 2nd IEEE International Conference on Soft Robotics (RoboSoft), Seoul, Korea, 14-18 April 2019;
pp. 355-360. [CrossRef]

Chossat, J.-B.; Park, Y.-L.; Wood, R.J.; Duchaine, V. A Soft Strain Sensor Based on Ionic and Metal Liquids. IEEE Sensors |. 2013, 13,
3405-3414. [CrossRef]

Niu, B. Design, Fabrication and Characterization of Flexible, Wearable and Highly Durable Strain Sensors Assisted by Bioin-
Spired Polydopamine. [Online]. 2021. Available online: https://theses.lib.polyu.edu.hk/handle/200/11150 (accessed on
8 September 2022).

Khalid, M.A.U.; Chang, S.H. Flexible strain sensors for wearable applications fabricated using novel functional nanocomposites:
A review. Compos. Struct. 2022, 284, 115214. [CrossRef]


http://doi.org/10.1021/acsami.5b08404
http://www.ncbi.nlm.nih.gov/pubmed/26588166
http://doi.org/10.1016/j.compscitech.2019.107972
http://doi.org/10.1016/j.compositesa.2018.08.004
http://doi.org/10.1016/j.sna.2016.12.007
http://doi.org/10.1021/acsami.1c02422
http://www.ncbi.nlm.nih.gov/pubmed/33844500
http://doi.org/10.1109/embc.2018.8513060
http://doi.org/10.1038/s41598-019-42457-7
http://doi.org/10.1021/acsami.5b07464
http://doi.org/10.1002/adfm.201002508
http://doi.org/10.1002/admt.201700330
http://doi.org/10.1109/biocas.2018.8584671
http://doi.org/10.1016/j.snb.2020.128095
http://doi.org/10.1039/C7TC04311B
http://doi.org/10.1109/memsys.2018.8346617
http://doi.org/10.1016/j.sna.2021.113081
http://doi.org/10.1016/j.compscitech.2022.109518
http://doi.org/10.3390/s21072531
http://doi.org/10.1039/C9TA13281C
http://doi.org/10.1016/j.pmatsci.2021.100808
http://doi.org/10.1109/robosoft.2019.8722744
http://doi.org/10.1109/JSEN.2013.2263797
https://theses.lib.polyu.edu.hk/handle/200/11150
http://doi.org/10.1016/j.compstruct.2022.115214

	Introduction 
	Conductive Liquids for Strain Sensing 
	Ionic Liquids 
	Metal Liquids 
	Chemically Synthesized Liquid Solutions 
	Disadvantages and Advantages of Different Conductive Liquids 

	Channel Structures 
	Fabrication Techniques 
	Applications of Fluidic Type Strain Sensors 
	Wearable Devices 
	High-End Feedback for Soft Robotics Systems 

	Challenges and Future Trends 
	Conclusions 
	References

