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Printed flexible mechanical sensors¥
Samuel Smocot, 2 £2 Zixin Zhang,? Lingzhi Zhang, 2@ Shu Guo*® and
Changhong Cao (2 *@

Flexible mechanical sensors (e.g., strain, pressure, and force) fabricated primarily by printing technologies
have emerged and evolved promptly in the past several years. 2D and 3D printing approaches enabled
rapid prototyping of various flexible mechanical sensors that have demonstrated their unique applications
in fields including robotics, human—machine interfaces, and biomedicine. Research efforts have primarily
been focused on experimenting with different materials, device configurations, and sensing mechanisms
to achieve better sensing performance. While great progress has been made, this field is still in its infancy
where most research is exploratory; and even the performance standards and long-term objective/vision
of these sensors are not clear. In this review, the state-of-the-art of three types of printed flexible
mechanical sensors will be discussed and analyzed in terms of their fabrication methods, types of sensing
materials and mechanisms, and challenges for future development.

1. Introduction

The development of mechanical sensors (e.g., strain, pressure,
and force sensors) can be dated back to the 1950s, when
stress-induced changes in the electrical resistance of multi-
junction materials (e.g:, silicon and germanium) were identi-
fied." By leveraging the piezoresistive effect, silicon-based
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strain and force sensors were first invented and applied as
important mechanical measurement devices.' These sensors
were fabricated mainly by the manual assembly of multiple
materials, during which it was difficult to maintain consist-
ency or avoid mismatch when laminating dissimilar materials,
such as metal and silicon, under large stress."” Also, the
slicing of silicon wafers was not mature enough at the time to
produce high-quality and thin silicon wafers.>* With the
advancement in semiconductor technology, the manufacturing
challenges of silicon/bulk material-based mechanical sensors
were gradually addressed over time. Their integration into
complex electronics boomed and have stayed as the main-
stream types of mechanical sensors even today.”

As new technologies emerge (e.g., intelligent robots with
human interactions,®® advanced biomedical equipment,**™°
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etc.), conventional bulk materials (i.e., silicon)-based mechani-
cal sensors can no longer satisfy industrial needs, and novel
mechanical sensors with advanced functionalities are
demanded, including flexible sensors that can undergo large
deformations.’”™® For example, mechanical sensors are criti-
cal components to build human-like robots where they can be
used to provide feedback from mechanical contacts;*® however,
the rigidity of bulk materials affects the quality of signal trans-
ductions on curved surfaces and limits their application in
soft contact scenarios.”’>* By introducing flexibility into
mechanical sensors, they can be mounted onto the fingertip,
wrist, elbow, and many other complex geometry surfaces of
intelligent robots and human interaction interfaces to achieve
flexible tactile sensing with high resolution and fast response
time.”*** In addition, making sensors flexible allows elec-
tronics to be embedded in unit cells with different orien-
tations, which enables the capturing of multidimensional
contact forces.”® The ability to detect normal and shear force
entailed the use of flexible mechanical sensors for sophisti-
cated and dexterous manipulation by emulating the mechani-
cal perception in human skin.>*®?” Moreover, in the bio-
medical field, mechanical pressure sensors need to be flexible
for human interface measurement as it is apparent that rigid
sensors do not conform to the soft human tissue and may
cause problems to the biological surfaces that they are
attached to.'” Flexible mechanical sensors also show exciting
potential as a cost-effective alternative to monitor physiological
parameters.''> Compared to complex and sophisticated
equipment that requires experienced personnel and high
costs, wearable, miniatured and personalized flexible sensing
devices can provide non-invasive diagnosis and health moni-
toring, encouraging wusability in hospital or clinical
settings.">"® Other than robotic and biomedical fields, flexible
mechanical sensors are highly applicable in domains where
removability and reusability are essential, such as non-destruc-
tive testing (NDT) of structures.”®*® For instance, due to the
brittle nature of conventional lead zirconate titanate (PZT)-
based sensors, they are not reusable in general as the detach-
ment of sensors can easily lead to fracture of the device; also,
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the requirement of bonding materials to be attached to the
testing material makes it difficult to remove without damaging
structural surfaces. Flexible strain sensors made with poly-
meric materials such as polyvinylidene fluoride (PVDF) can be
designed to detect defects, such as cracks, impact damage,
and delamination by collecting and analyzing the frequency
response, natural frequency, and the damping ratio of the
structure.?®

Conventionally, flexible mechanical sensors are made in
cleanrooms through photolithography-based microfabrication
processes.’® While microfabrication generally yields high
quality devices, it is a time-consuming and expensive
process.>"*> Photolithography is great at mass producing a
sensor with a mature design ready for commercialization.
However, there is an important need for fabrication techno-
logies that can enable rapid prototyping of flexible mechanical
sensors since most of their development is still in its infancy.

Fabrication of flexible mechanical sensors by printing
technologies have emerged as a versatile, economical, and
enabling approach. For instance, various types of mechanical
sensors (e.g., force,>> pressure,>***° and strain®*°) can be
produced by leveraging many 2D/3D printing techniques
including but not limited to screen printing,"’ " inkjet
printing,>*7® direct ink writing (DIW),””~>° digital light proces-
sing (DLP),%°®* and fused filament fabrication (FFF).®*"°® The
additive nature of printing technologies also largely reduces
the fabrication cost and time;*”’°® in addition, fabrication by
printing enabled the production of flexible mechanical
sensors with excellent performance. Currently, some of the
printed flexible mechanical sensors have demonstrated their
unique applications in fields such as healthcare, robotics, etc.
For example, a silver/rubber-based flexible strain sensor was
applied on human joints to recognize motion signals.®® This
inkjet-printed strain sensor demonstrated a stable gauge factor
(GF) of 8-10, a linear response, and repeatability in perform-
ance after cyclic loading; its flexibility also allowed for its con-
formal fit onto various joints (e.g., wrist, knee, and finger) for
accurate movement detection; similarly, a flexible strain sensor
fabricated via the FFF can closely adhere to the skin to
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monitor the bending of the lumbar vertebra of a patient for
posture correction purpose;’® additionally, the integration of a
screen-printed silver-nanoparticle-based strain sensor into a
pneumatic soft actuator on robotic fingers enabled the real-
time detection of irregular movement patterns and assessment
of finger stiffness or dexterity.”"

In addition to strain sensors, printed flexible pressure
sensors have also been demonstrated in many applications.
For example, an inkjet-printed wearable pressure sensor was
used to monitor the bending motions of the wrist and fingers
of an operator.”” This carbon nanotube (CNT)/polydimethyl-
siloxane (PDMS)-based pressure sensor showed great sensi-
tivity on both bare skin and joints and enabled a human-
machine-interface to remotely control a tank-like robot with
six distinct commands. Also, a DLP-printed hydrogel-based
pressure sensor allowed the subtle detection of various forces,
which can potentially be applied for prosthetic applications.*
Moreover, an inkjet-printed flexible pressure sensor can be
inserted below the cotton fabric of band-aids and other
medical dressings to monitor how secure the dressing is
attached to a wound to reduce the risk of ischemia.>® Besides
strain sensors and pressure sensors, flexible force sensors can
also be fabricated via printing technologies and several reports
have demonstrated their applications in robotic gripping. For
example, a DLP-printed force sensor can be worn as gloves by
humans or robots to measure the temperature and contact
forces simultaneously.®

In this review, a brief overview of the printing technologies
commonly used for the fabrication of flexible mechanical
sensors will be reviewed, which will be followed by a discus-
sion of three major types of flexible mechanical sensors indivi-
dually: strain sensors, pressure sensors and force sensors. This
discussion is centered on the performance of the sensors,
examining their various sensing materials and sensing mecha-
nisms. Finally, the review will be concluded with our brief
outlook on the challenges in the emerging field of printed flex-
ible mechanical sensors.
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1.1 Fabrication technologies

As briefed above, several printing technologies have been uti-
lized for the fabrication of flexible mechanical sensors includ-
ing but not limited to screen printing, FFF 3D printing, inkjet
printing, DIW 3D printing (or robocasting), DLP 3D printing,
and aerosol jet printing (AJP). While it is not the focus to
discuss the details of these printing technologies in this
review, a brief overview of their basic working principles and
applications in the fabrication of flexible mechanical sensors
is summarized as follows.

Screen printing (Fig. 1a) is a conventional printing tech-
nique that uses a stencil or mesh to transfer ink onto a sub-
strate.”® The mesh has design patterns where the unnecessary
areas are blocked, preventing the ink to be deposited on the
substrate.”® Ink is first cast on the screen evenly and a blade is
then moved over to push/spread the ink through the openings
of the mesh.”*”> Screen printing is not only a scalable process
but can also be used on almost any substrate (e.g:, textiles,
fabrics, papers, metals, plastics, ceramics, glass, or
cardboards).”*’® FFF (Fig. 1b) is an extrusion-based 3D print-
ing technique where thermoplastic polymer filaments are
extruded through a heated nozzle, deposited on a substrate
layer-by-layer, and cooled into a 3D structure.””””® FFF is prob-
ably the most adopted 3D printing technology by the general
public thanks to its low cost and user-friendliness.®*" Inkjet
printing (Fig. 1c) is a non-contact droplet-based printing tech-
nique that releases droplets of ink to specific locations on a
substrate.®” Inks are released from a cartridge into the printer
head, where a thermal actuator or piezoelectric transducer
generates an impulse that pushes a droplet through the
nozzle.®? It should be noted that for the fabrication of flexible
mechanical sensors, 2D inkjet printing is generally used,
which is different from inkjet 3D printing (material jetting)
where jetted inks are cured and built layer-by-layer into a 3D
structure. The advantage of inkjet printing is its high pattern
resolution and precision.* DIW (Fig. 1d) is another extrusion-
based printing technique that dispenses shear-thinning ink
through a syringe nozzle driven by compressed air and depos-
its materials in a layer-by-layer manner to build up 3D
structures.®>®> The advantages of DIW include its ability to
print at room temperature and ability to also allow multi-
material printing.>”*®*® DLP (Fig. 1e) is a type of stereolitho-
graphy (SLA) 3D printing technology that uses ultraviolet (UV)
light to solidify an entire layer profile across a photocurable
resin and build up 3D structures layer-by-layer.®® DLP has a
crucial component called digital micromirror device (DMD)
consisting of an array of reflective micromirrors.®”®' These
micromirrors enable precise projection patterning by turning
“on” and “off” independently throughout the process.®’ DLP
in general is a high-resolution (microscale) and fast printing
approach (compared to SLA).°> AJP (Fig. 1f), also known as
maskless mesoscale material deposition (M°>D™), is a non-
contact, droplet-based, direct-writing printing technique.®”"%°
AJP uses aerodynamic focusing to precisely jet out aerosol, a
suspension of small ink droplets in a gas, onto a planar or

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematics of (a) screen printing; (b) FFF 3D printing; (c) inkjet printing; (d) DIW 3D printing; (e) DLP 3D printing; (f) aerosol jet printing, and
typical components of flexible mechanical sensors that each technology is used for.

curved substrate and deposits a layer of material.*®°' The
advantages of AJP are fast printing speed, fine resolution, and
a wide scope of material selection.”™*> Compared to the other
commonly used FFF technology, which has a typical limiting
speed of 80 mm s™', AJP can print at 200 mm s with a
dynamic accuracy of +6 pm (ref. 92 and 93) while maintaining
a resolution of 10 pm.°>°" Besides, AJP can handle a variety of
materials ranging from natural semiconductors and carbon
nanomaterials to ceramics and composites with viscosities
between 1 and 2500 cp.”>%*

Generally, a flexible mechanical sensor consists of several
primary components including a sensor body (substrate), a
sensing element, and a circuit.”* While an individual flexible
mechanical sensor has its unique structure and may not
necessarily have all the aforementioned components or may
have other features, it typically consists of a compliant

This journal is © The Royal Society of Chemistry 2022

material that can deform to a certain extent while maintaining
its performance.’*"®° Printing technologies have been adopted
to fabricate most of these components,®>’%°”°% although
depending on the type of sensor, some printing approaches
are preferrable over others (Fig. 1).

Flexible strain sensors normally consist of an insulating
flexible substrate and a conductive thin film circuit.”® The
bottom side of the flexible substrate is glued to the surface of
the target object,’®® and the circuit measures the deformation
using changes in electrical signals.'®" To fabricate flexible
strain sensors, FFF has been adopted as one of the most preva-
lent printing methods because of its simplicity and low cost
(Table S11).5%:%70:97:98:102,103 ywhen FFF is adopted for the fab-
rication of flexible strain sensors, the entire sensor, including
the sensing element and the substrate, is normally printed by
the extrusion of custom-made filaments, usually conductive

Nanoscale, 2022, 14,17134-17156 | 17137


https://doi.org/10.1039/d2nr04015h

Published on 19 October 2022. Downloaded by Y unnan University on 8/15/2025 7:02:16 AM.

Minireview
nanocomposites®*®°® (e.g., graphene nanoplatelets (GNP)/
CNTs/thermoplastic polyurethane (TPU)), into desired con-
figurations. FFF is popular because it enables printing of the
substrate and the sensing element altogether. The printed
parts can be used directly after printing without much post-
processing. In addition, the digitally controlled nozzle of FFF
printing can precisely deposit a material at the desired
location with a fine thickness,**®>°7'° meeting the need of
printing thin foil grid patterns in many flexible strain sensors.
Besides FFF, inkjet printing is also a prevalent technique for
producing flexible strain sensors. It is generally used to print
the sensor circuit (e.g., microchannels and conductive paths)
on flexible substrates instead of printing the entire sensor
itself.  Inkjet printing features accurate position
control,”*'%°71%7 which makes it suitable for precise deposition
of the circuit pattern and enables a complicated circuit design.
It is also a time-consuming process because of its small
volume printing feature which increases the resolution.
Flexible pressure sensors basically have three working
mechanisms: piezoresistive, capacitive, and piezoelectric.'*®
When a pressure is applied, the capacitive sensor changes its
distance between the two electrodes, thus leading to a change
in capacitance.’® The piezoelectric sensor generates an elec-
tric potential across the piezoelectric element when pressure is
applied,>™'? while the piezoresistive sensor displays a change
in electric resistance that depends on the distance between the
conductive particles.>®''" Flexible pressure sensors®>''>7'4
have been preferentially fabricated by screen printing that
allows printing of a variety of material types''*™*' with various
rheological properties, in contrast to DIW or inkjet printing.
Silver-based (nanowires'" and nanoparticles®) and carbon-
based (e.g., CNTs)'*>''¢ inks are two common types of inks
used to fabricate electrodes on a flexible substrate. For
example, Guo et al. used screen printing to fabricate electrode
arrays on a polyethylene terephthalate (PET) substrate with
nano-silver ink.'™ Emon et al. screen printed multi-walled
carbon nanotubes (MWCNTSs)/polymer paste on a substrate to
make stretchable electrodes.''” The printed electrodes often
have a simple geometry and do not require high printing
resolution. In addition, compared to other printing techniques
which usually deposit a line of material in each printing cycle,
screen printing can deposit a layer at a time and reduce the
manufacturing time. Yang et al. claimed that hybrid screen
printing and the electrospinning process with high throughput
have numerous advantages including high efficiency, trouble-
free operation, minimal waste, low manufacturing cost, and
large-scale production ability."'®* DIW is another favored
method to fabricate flexible pressure sensors. As a versatile
printing technique, DIW can work with a wide variety of
materials from MWCNTs/PDMS ink''® to silver ink.'?° Various
components can be printed with this technique, including the
dielectric layer,'* electrodes,"® substrate,”” and the sensing
element.'®" Fekiri et al. were able to fabricate a flexible
pressure sensor with high sensitivity (6.3 Q kPa™") and a wide
range of measured pressures (up to 1132 kPa) using MWCNTSs
dispersed in a PDMS prepolymer.''® However, the drawback of
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DIW is that it requires shear-thinning ink to be engineered
and the process can be time-consuming.

Flexible force sensors measure forces using a capacitive
approach or piezoresistive approach in general. Similarly to
the aforementioned flexible pressure sensor, the capacitive
approach operates on changes in capacitance and the piezo-
resistive approach operates on changes in resistance. FFF is
also a prevalent technology used to fabricate flexible force
sensors, in most cases the entire sensor, via the extrusion of
conductive polymers, such as TPU filaments. Another favored
printing method for flexible force sensors is screen printing.
With this method, electrodes are the most commonly printed
components. As mentioned earlier, screen printing has the
advantage of fast printing speed but cannot print complicated
designs like the other digitally controlled techniques. Besides,
the cost-effectiveness of screen printing makes the use of large
area electronic or tactile skin in robotics possible."*?

Whlle AJP35,45,67,123 and DLP38,40,42,43,124,125 haVe been
applied for the fabrication of flexible mechanical sensors, they
are less common due to various reasons. For example,
although AJP is a newly developed printing technique with
high resolution®" and fast printing speed,” the cost of AJP is
much higher in contrast to other techniques; while DLP can
fabricate sophisticated 3D geometries with high resolution
and rapid speed, the requirement of a photocurable resin
limits the material selection.

2. Mechanical sensors by type
2.1 Printed flexible strain sensors

Flexible strain sensors found their applications in many fields
as mentioned above and a variety of sensing materials were
explored via printing technologies to achieve high perform-
ance, including silver, carbon black (CB), CNTs, graphene, and
other highly conductive materials. However, printed flexible
strain sensors are still an emerging field, as the majority of
works published in this domain are from the past several
years. As such, the clear cut “best” material or best approach
to printing a flexible strain sensor has not yet been deter-
mined. In this section, printed flexible strain sensors will be
discussed based on the type of sensing material; and a com-
parison in terms of their sensing performance is summarized
in Fig. 2. The most interesting performance metrics of flexible
strain sensors are their GFs, strain sensing ranges and cyclic
ability. Since many of the studies in the literature did not
report the cyclic ability of their sensors or did not perform
cyclic tests until failure, only GFs and strain sensing ranges are
compared here.

Silver (Ag), CNTs, graphene, and CB are common active
sensing materials in printed flexible strain sensors, whose con-
ductivities are summarized in Table 1. As shown in Fig. 2, Ag-
based sensors provide good sensing performance (GFs of
mostly 10 and above), especially if used in tandem with an
appropriate structure,**%1231267128 The GF is defined by the
change in electrical resistance under stretching over strain: GF

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) GF as a function of the tested strain range of recently reported printed flexible strain sensors grouped by the sensing material. Some
works did not report the GF in the entire sensing range (e.g., not from 0%) because the GF was not constant in that range. GF is illustrated as a
scatter point in instances where the GF was only reported at one point. (b) Magnified view of the boxed area in (a). * GF values were read directly
from the plot of AR/R, vs. strain curves; © sensing material also includes AgNPs; " sensing material also includes GNPs.

Table 1 Conductivities of pure characteristic materials used in printed
flexible strain sensors

Material Conductivity [S m™] Ref.
Ag (printed ink) 3.1 x10° 129
Single walled CNTs (thin film) 2.5-4 x 10" 130
MWCNTs (paper) 5x10° 131
Graphene (paper) 1.4 x 10° 131
Carbon black (paper) 9 x10" 131

= (AR/Ry)/e, where R, is the initial electrical resistance, AR is
the change in resistance, and e is the strain.'”® CNT-based
sensors have a large sensing range and high GFs; the sensing
range of graphene-based sensors is larger than most other
sensors as well, and CB-based sensors have an average per-
formance when it comes to the sensing range and GF. Factors
determining the GF and sensing range include the conduc-
tivity of the active sensing materials (fillers), the stretchability
of the elastomer matrices, the capability of conductive compo-
sites to maintain electrical properties under deformation, and
the configuration of the sensor.

2.1.1 Silver-based. As shown in Fig. 2, a large proportion of
printed flexible strain sensors with high GFs is silver-
based,**°%"?%12¢7128 Jargely due to silver’s excellent conduc-
tivity.®® The majority of them are fabricated by printing a con-
ductive silver ink,**'*” that may contain either silver nano-
wires (AgNWs)'*° or silver nanoparticles (AgNPs),"** on a flat
flexible substrate. The concentrations of the Ag-based inks

This journal is © The Royal Society of Chemistry 2022

were tuned in these studies such that the interactions between
the AgNPs or AgNWs during deformation are in the right
range to cause detectable resistance changes. Too low of a con-
centration will result in disconnections in the conductive path,
while too high will lead to a low GF as the change in the inter-
actions between the AgNPs or AgNWSs will be too small.">® The
highest GF reached among the flat silver-based
sensors**'?>126:1%7 ig in the 4.32-5% strain range obtained by
Gai et al.'”” Their sensor was fabricated by inkjet printing
silver ink onto a polyurethane acrylate (PUA) substrate. When a
tensile strain is applied, the silver particles will be pulled
apart, which leads to a resistance increase. Fig. 5e illustrates
this destruction mechanism also used in a CB/AgNP bending-
strain sensor,"*?
Bending-strain sensors section below.

Apart from the concentration of AgNWs or AgNPs in the
conductive ink, optimal design of the sensor’s structure is

which will be further discussed in the

another way to enhance the sensing performance. Han et al.
developed a sensor (Fig. 3a) that has a sandwich structure pre-
pared by FFF 3D printing TPU fibrous textiles as the upper and
lower layers, with a AgNP pulp solution deposited in-
between."”® As shown in Fig. 3b, the lamination orientation
was designed in such a way that the applied force to the sensor
was exclusively in the diagonal direction. The angle (6)
between the upper and lower textiles will decrease upon
stretching, and the elongation of TPU fibers will lead to an
increase in resistance caused by the separation of AgNPs in the
conductive network. This deformation of TPU fibers leads to
the compression of the sandwiched AgNPs in the grooves

Nanoscale, 2022, 14,17134-17156 | 17139
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Fig. 3 Representative printed flexible strain sensors and their sensing mechanism. (a) Architecture of a printed TPU/Ag composite-based flexible
strain sensor; (b) sensing mechanism illustration of (a).*?® This figure has been reproduced from ref. 128 with permission from John Wiley and Sons,
copyright 2021; (c) schematic illustration of the coaxial printing process and the optical image of ink extrusion.*** This figure has been reproduced
from ref. 134 published under the Creative Commons license (no copyright); (d) sensing mechanism of (i) a single-layer sensor without cracks, (ii) a
single-layer sensor with cracks, and (i) a double-layer sensor with cracks.*® This figure has been reproduced from ref. 49 with permission from

Elsevier, copyright 2022.

between the TPU fibers where the AgNPs become denser and
act as a warehouse of AgNPs for the conductive network. This
effect cannot fully compensate for the disconnection of AgNPs
at higher strains, meaning the rate of increase in the resistance
of the sensor was larger in the higher strain ranges compared
to that in the low strain ranges, which contributes to the GFs
of 2374, 4180, 11 477, and 38 220 for the strain ranges of 0-60,
60-90, 90-120, and 120-138%, respectively. Besides Ag, other
metal-based sensing materials were used in similar fashions
in flexible printed strain sensors as well but not quite exten-
sively and their performances were not as good as the Ag-

17140 | Nanoscale, 2022, 14,17134-17156

based ones; for example, Bhuiyan et al.'*® used nickel lines
printed in various patterns on polyimide and polyethylene sub-
strates and Ahmadi et al.*® printed indium tin oxide (ITO) pat-
terns onto PET substrates.

2.1.2 CNT-based. It can be seen from Fig. 2 that the
reported maximum sensible strain of some CNT-based
sensors**®*°>97:134 can reach up to 350%.%° Even though the
strain ranges of some of these sensors are not reported/com-
pletely plotted in Fig. 2 due to the lack of experimental data or
the non-linearity in the GF in certain strain ranges, a few of
these CNT-based sensors are also among the sensors with the

This journal is © The Royal Society of Chemistry 2022
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highest GFs as shown in Fig. 2. These characteristics are
largely due to (i) the high conductivity’****! and superior
mechanical properties of CNTs,'®” (ii) the great elasticity of the
polymer matrices used as the building block materials, and
(iif) great interactions between the CNT networks in the
polymer matrices when under large deformation. For example,
Xiang et al. FFF-printed a flexible strain sensor made of CNTs
and GNP in a TPU matrix that was able to sense strains up to
250% without failure.®® The sensor’s assembly consists of two
CNTs/GNPs/TPU fiber layers; all fibers are parallel to each
other within each layer, and the two layers are stacked in such
a way that the fibers in the top layer are perpendicular to the
fibers in the bottom layer. It has a similar structure to the TPU
fibers in Fig. 3a. While its GF is not constant, it increases
along with the applied strain and can reach a maximum of
136 327 at 250%. Additionally, via DIW, Tang et al. printed a
flexible strain sensor in a core-shell structure (Fig. 3c) with the
shell made of a silicon nanoparticle (SiNP)-based silicone elas-
tomer and the core made of Ecoflex (silicone rubber)/CNT
powders.'** The reported GFs of this sensor are 1.4 and 2.5 X
10° for the respective strain ranges 0-25% and 90-150%. The
sensing mechanism of this sensor is not discussed by the
authors, but the fiber-like shape of this sensor was chosen for
its flexibility, wearability (easy integration into fabrics), and
light weight.

In addition, the introduction of defects can be leveraged to
engineer the performance of CNT-based flexible strain
sensors. For example, to increase the dispersibility and
binding of CNTs in the polymer, waterborne polyurethane
(WPU) and WPU-OH were used to functionalize the CNTs to
make a CNT/polymer-based ink suitable for screen printing.*’
Three different sensors were screen-printed: a single-layer
sensor without cracks, a single-layer sensor with cracks, and a
double-layer sensor with cracks (Fig. 3d). The single-layer
sensor without cracks turned out to have the lowest sensitivity
among the three; the single-layer sensor with cracks had an
ultra-high GF but a very small sensing range; the double-layer
sensor with cracks demonstrated the best performance where
it could detect strain up to 120% and had a GF of 2000 at 18%
strain. The reason is that, as shown in Fig. 3d(iii), for the
double-layer sensor, the crack propagation rapidly increases
the resistance of the sensor. The high strain range reached is
due to the double layer being able to maintain the conductivity
of the sensor at high strains; the current is driven to move in
an S-shape during stretching which maintains the conductive
path. When the sensor is unstretched, the current only flows
through the upper layer because it has a lower resistivity than
the lower layer. Upon stretching, the current follows a cycle of
encountering a crack and flowing to the lower layer before
flowing back up to the upper layer.

2.1.3 Graphene-based. All graphene-based flexible strain
sensors identified in the literature have a relatively large
sensing range,">*'**"%® a5 shown in Fig. 2. Similarly to the
aforementioned types, the mechanical configuration of a
sensor and the mechanical/electrical properties of the sensing
materials are key determining factors of their sensing perform-
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ance. For example, Qian et al. DLP-printed a reduced graphene
oxide (rGO)/elastomer resin (ER) composite into a flexible
strain sensor."** Possibly due to the good tensile properties of
the ER made of acrylated aliphatic epoxy (EAA) and aliphatic
urethane diacrylate (AUD) and a great distribution and inter-
actions of rGO, the sensors can sense strain up to 60%. While
a single printed line of rGO/ER (the unit sensing element)
exhibited a GF of 6.723 for 0-40% strain, the GFs of the
printed electrodes were less than that of the printed line and
varied based on the angle of the sensor’s rhombic structure
(Fig. 4a). The rhombic structure with tan(6) = 0.5, where 0 is
the angle between the vertical axis and the side wall of the
rhombic structure, had the highest GF among the three
sensors: 3.374 in the 10-40% strain range while only 1.031 for
0-10% strain; whereas the rhombic structure with tan(d) = 1.5
was the only one with a constant GF of 2.344 over its entire
strain range of 0-60%. The angle 6 of the rhombic structure
leads to different stress distributions (Fig. 4a), which in turn
leads to different resistance changes among the different
rhombic structures, explaining the differing GFs.

Wang et al. also leveraged structural differences to create
graphene/PDMS composites with tunable GFs.'*® The porous
graphene/PDMS composites were printed via DIW into three
porous structures (Fig. 4b): grid, triangular, and hexagonal
porous structures. The GF of the printed sensors was tuned by
designing different porous structures such that their strain
responses to deformation are different, which further led to
changes in the resistance. Over the 0-20% strain range, the
hexagonal porous structure had the largest GF (~67), while the
grid structure had the lowest (~6).

Nuthalapati et al. fabricated a rGO/palladium nanoparticle
(PdNP)-based sensor by screen printing rGO-Pd ink sand-
wiched between two PDMS layers."*” Palladium (Pd) was used
for its higher strain sensitivity compared to other metals. The
sensing mechanism is explained based on the contact area
and tunnelling mechanisms (Fig. 4c). Under tensile strain, the
overlapping area between rGO sheets decreases, which leads to
an increase in resistance (Fig. 4c(i)). The tunnelling mecha-
nism refers to the increase in tunnelling distance, i.e., the dis-
tance between adjacent PANPs or rGO sheets and other PANPs
or rGO sheets (Fig. 4c(ii)). Experimental data showed that the
larger change in resistance was due to the tunnelling mecha-
nism rather than the contact area mechanism. The sensor’s
GF ranged from 14 at 0.1% strain to 1523 at 45% strain.

Htwe et al.’s strain sensor was made by inkjet printing gra-
phene/AgNP ink onto a polyvinyl alcohol (PVA) substrate."*®
Inks with different concentrations of graphene ranging from
0.1 wt% to 0.7 wt% were prepared to investigate their effects
on properties, including electrical conductivity. It was found
that the conductivity of the ink increased with the increasing
concentration of graphene, until reaching the percolation
threshold of 0.5 wt%. The graphene/AgNP sensor’s GF was 149
over the 0-20% strain range, which is better than both their
graphene-only sensor with a GF of 97 and their AgNP-only
sensor with a GF of 76. These sensors’ lower GFs are explained
by the fact that AgNPs or graphene flakes on their own cannot
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Fig. 4 Representative printed flexible strain sensors and their sensing mechanism. (a) Tensile process and the stress simulation results of rGO/ER
composite rhombic structures at various tan(6).1>* This figure has been reproduced from ref. 124 with permission from John Wiley and Sons, copy-
right 2021; (b) optical images of the 3D printed graphene/PDMS composites with (i) the grid structure, (i) the triangular porous structure, and (iii) the
hexagonal porous structure.®*¢ This figure has been reproduced from ref. 136 with permission from IOP Publishing, copyright 2019; (c) schematic
diagram illustrating the sensing mechanism of the rGO—Pd nanocomposite: (i) contact area mechanism, (i) charge tunnelling mechanism.**” This
figure has been reproduced from ref. 137 with permission from IOP Publishing, copyright 2021; (d) schematic illustration of graphene, AgNPs and
the graphene/AgNP hybrid conductive film (i) before stretching and (i) after stretching.'*® This figure has been reproduced from ref. 138 with per-
mission from Kluwer Academic Publishers (Boston), copyright 2020.
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maintain the conductive network during stretching as well as
the graphene/AgNP hybrid sensors (Fig. 4d). In the graphene/
AgNP composite, the graphene flakes tend to align, keep the
distance between the graphene flakes and AgNPs close and
maintain the conductive path.

2.1.4 Carbon-black based. Besides the sensor structure and
the concentration of the conductive sensing material, the sen-
sitivity of nanocomposite-based sensors is greatly affected by
the size and shape of the nanostructures (e.g., the high aspect
ratio of CNTs is prone to entanglement).”® Carbon-black par-
ticles (CBPs) in the form of flakes/spheres are relatively easier
to be dispersed in a polymer matrix,” much cheaper com-
pared to other carbon nanomaterials,"*> and have great con-
ductivity as well."*® Li et al. fabricated CB-based flexible strain
sensors where a TPU/CBP composite filament was extruded via

View Article Online
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FFF onto a TPU substrate.”® Sensors with various periodic
structures (Fig. 5a) were printed to investigate the effect of
structure on the sensor’s performance. The configuration with
the largest linear range (i.e., where the GF was constant) was
the rectangular zigzag (RZ) structural sensor that exhibited a
constant GF of ~1.6 over the strain range of 0-15%. The
different periodic structures exhibited different geometric
deformations, which led to the difference in GFs. The periodic
configuration determines the levels of elongation and shrink-
age along the tensile and vertical directions. The RZ structural
deformation was steadier than the S-shaped zigzag (SZ) and
triangular zigzag (TZ) configurations, leading to its larger
linear sensing range. As seen in Fig. 5b, upon tensile strain,
the remodeling or even destruction of the conductive network
created by the filler CBPs causes the sensor’s resistance to

CBPs-wech

Stretch

\

% s=0
£° 3 “
» \

W S L SR T

(b) PN

TPU matrixe > 0<s<$§p

i »
s \ ./« \\. /’/ \\‘ 7TA
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(e) Without strain Under strain

@ Carbon black Silver nanoparticles

Fig. 5 Representative printed flexible strain sensors and their sensing mechanism. (a) Sensors with a CBP/TPU composite and a pure TPU-film sub-
strate. The various periodic configurations shown are (i) SZ, (i) TZ, and (i) RZ;”° (b) sensing mechanism of sensors in (a). So denotes the minimum
spacing between two CBPs for a conductive path to be built.”® These figures have been reproduced from ref. 70 with permission from Elsevier,
copyright 2022; (c) printed flexible ABS/TPU strain sensor before and after deformation.** This figure has been reproduced from ref. 44 with per-
mission from Elsevier, copyright 2021; (d) screen-printed CB/AgNP-based bending strain sensor and (e) its sensing mechanism.'*2 These figures
have been reproduced from ref. 132 published under the Creative Commons license (no copyright).
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increase. When tension was released, the conductive network
was reconstructed, and the resistance returned to its original
value. Besides, Kouchakzadeh et al. used a dual extruder FFF to
print a sensor constituted of a TPU matrix and conductive chan-
nels made of acrylonitrile butadiene styrene (ABS) with CB
elements (Fig. 5¢).** Their sensor’s response mechanism is based
on the increase in electrical resistance when the sensor is
stretched; the instantaneous resistance is given by R = pL/A where
p is the material’s specific resistance, L is the conductive chan-
nels’ length, and A is their cross-sectional area. Upon tension, L
increases which in turn increases the resistance R. Their sensor’s
GF ranged from ~2.25 to 3 for strain between 0 and 22%.

While both CB-based sensors discussed here are not
impressive in terms of GF compared to the other material-
based ones (Fig. 2), their performance being good enough to
meet usage requirements’® and their cost effectiveness demon-
strate that CB is a sound material choice for flexible printed
strain sensors.

2.1.5 Bending-strain sensors. Aside from the previously
discussed strain sensors, there are also printed flexible strain
sensors specialized for sensing bending strain only, ie., the
applied strain resulting from the bending of the sensor rather
than stretching/compressing. It is usually defined by & = h/(2r)
where & is the thickness of the sensor and r is the radius of
curvature (or bending radius),"** but it may also be defined as
strain given by ¢ = Aly/l,, where Al is the length change of the
sensing layer and [, is the initial length."*® The bending strain
is much smaller (order of 1%) compared to the strain induced
by in-plane stretching, which normally translates to much
higher GFs than tensile/compressive strain sensors.

The sensing materials of these sensors include laser-
induced graphene,'*’ CB composites,’**'*® CNTs,'** and
AgNWs.' For example, Qi et al. screen-printed a AgNP/CB
nanocomposite onto a PET substrate to fabricate a bending
strain sensor (Fig. 5d) that achieved a very high GF of 444.5
over 0.6-1.4% applied strain."*> The high GF reached was
attributed to the large variation in the junction resistance of
the printed patterns under tension. The sensor’s active layer
contains a percolating lattice of overlapping nanomaterials
which enables the electrons to pass through. Under bending,
there is a reduction of overlapping areas or even a separation
of electrical connections, illustrated in Fig. 5e, which increases
the junction resistance in the sensor.

Xiao et al. constructed a bending-strain sensor with a lami-
nate structure of polyvinyl chloride (PVC)/CB/silver.'*® The
sensing mechanism of this sensor also relies on the formation
of cracks to alter the PVC/CB film conductive path. It took
5500 bending cycles for the sensor’s performance to stabilize
i.e., the initial value of sensor resistance being equal to the
final value. As the number of bending cycles increased, the
amount and size of the cracks increased as well, until they
eventually reached their maximum length and width, leading
to the stabilization of the sensor’s performance. The GF of this
sensor was 741 for 0-0.14% tensile strain, and —1563, —47 for
the respective compressive strain ranges 0-0.04% and
0.04-0.14%.
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2.2 Printed flexible pressure sensors

Similarly to printed flexible strain sensors, printed flexible
pressure sensors are primarily made of silver, CNTs, graphene-
based composites or by printing of these highly conductive
materials on a flexible polymeric substrate. The main criterion
of interest in flexible pressure sensors is their sensitivity, gen-
erally defined by S = 8(AE/E,)/8P, where AE is the electrical
signal change (e.g., current, capacitance), E, is the initial elec-
trical signal (capacitance for capacitive sensors and current for
piezoresistive sensors), and P is the applied pressure.>* Other
criteria of interest include their detection range, lower detec-
tion limit and cyclic ability. As was the case for the strain
sensors discussed above, the cyclic ability of these sensors was
not reported consistently across all works, making it difficult
to compare.

Two major sensing mechanisms were identified for
pressure sensors: capacitive and piezoresistive. Capacitive
sensors have a sandwich structure composed of electrodes on
the outside and a dielectric layer in the middle. Under applied
pressure, the distance between the electrodes changes, which
in turn yields a change in the capacitance.'** The capacitance
can also be altered due to the changes in the permittivity
occurring in the dielectric layer.'*® On the other hand, piezore-
sistive sensors vary much more in structure since their sensing
mechanism is based on the contact area change. The contact
resistance is more dominant compared to the inherent resis-
tance of the sensor’s materials,*® which means the total resis-
tance of the sensor can be controlled by varying the contact
area inside the sensor and therefore varying the resistance. As
the electrical resistance changes under pressure, the current
flow also changes, enabling pressure detection.

From Fig. 6, some interesting observations can be made
(note: the sensing material of the capacitive sensors refers to
the dielectric layer material; while that of piezoresistive
sensors refers to the conductive film/filler material used).
Among the capacitive pressure sensors,>>>1127114,116,144-146
is interesting to find that the sensitivities of the sensors are
generally lower at high pressures compared to the sensitivities
for low pressure sensing because once the sensor’s dielectric
layer has already been compressed, compressing it even
further takes a lot more pressure''® which would decrease the
sensitivity according to the given sensitivity equation above.
Also, silver-based sensors in general have higher sensitivities
compared to CNT-based and polymer-based sensors, but the
latter are able to maintain their sensitivity (albeit lower than
silver-based sensor’s sensitivity) for larger pressure ranges. It
should be noted that no matter what sensing material is
chosen, using a dielectric with high permittivity is a very
important factor for achieving high sensitivity with a capacitive
pressure sensor.''>"'*11¢ For piezoresistive pressure sensors, it
is clear from Fig. 6 that CNT-based ones are most popular fol-
lowed by graphene-based and polymer-based sensors. In
addition, some printed flexible piezoresistive pressure sensors
can achieve higher sensitivities than their capacitive counter-
parts in comparable pressure ranges. For example, Zhang
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Fig. 6 Sensitivity as a function of the pressure range of recently reported printed flexible pressure sensors grouped by the sensing material and
sensor type (capacitive and piezoresistive). * These works did not report a lower detection limit for their sensor; therefore, a value of 100 Pa was

assumed to use a logarithmic scale on the x-axis.

et al.’s graphene-based sensor,'*” Xia et al.’s gold nanoparticle

(AuNP)-based sensor,"*® and Ma et al.’s CNT-based sensor>° all
had higher sensitivities than the best-performing silver-based
capacitive sensor (Wang et al.''®). From Fig. 6, there is no clear
best choice for sensing materials used in piezoresistive
sensors, since both the sensitivity and sensing ranges are scat-
tered for all materials shown. Using graphene-based or CNT-
based sensors is a common approach because at least an
average sensitivity can be achieved in many cases, which can
be much improved if paired with an appropriate design of the
sensor’s microstructure. This microstructure is key to enabling
a large variation in the contact area under pressure, which will
cause a large change in the resistance. In the following
section, the two major types of printed flexible pressure
sensors will be discussed in more detail categorized by active
sensing materials.

2.2.1 Printed flexible capacitive pressure sensors

2.2.1.1 Silver-based. Among the capacitive silver-based
pressure sensors, AgNP-based conductive ink has been used to
print the electrodes of sensors,"'> and AgNW composites have
been printed into dielectric layers."'>"''® Wang et al.’s sensor
achieved the highest sensitivity of all capacitive pressure
sensors, as shown in Fig. 6."'° An AgNW composite was spin
cast as a dielectric for their flexible capacitive pressure sensor.
The dielectric layer consisted of TPU elastomer rubber with
AgNWs fabricated via electrospinning. These membranes
called TPU electrospinning nanofiber membranes (ENMs) had
different amounts of AgNWs (1.0 mL-5.0 mL) added to them
to examine the effect of the AgNW concentration on the
AgNW/TPU composite membrane. The sensor was assembled
using a TPU ENM supporting layer with printed CNT ink as

This journal is © The Royal Society of Chemistry 2022

electrode layers and the AgNW/TPU ENM dielectric was placed
in the middle of the CNT electrode layers. The sensitivity of
the sensors increased as the AgNW doping amount increased
and decreased as the pressure increased. The addition of
AgNWs increased the permittivity of the AgNW/TPU composite
dielectric, which explains why the sensor with 4.0 mL of AgNW
doping was the one that had the highest sensitivity.

Mo et al. also used a AgNW composite as a dielectric for
their flexible capacitive pressure sensor,"*? which also achieved
a sensitivity higher than the majority of other capacitive
sensors (2.1 kPa~" for 0-0.25 kPa). The dielectric layer was
composed of 1 wt% thermal expansion microcapsules (TEMs)
(0.5 wt% AgNWs in PDMS),"*® and was fabricated by screen
printing onto PET. Afterwards, the printed dielectric layer was
peeled off and packaged between two AgNP screen printed
electrodes onto PET substrates. A sensor without AgNWs was
also fabricated to examine the effect of AgNWs on the sensi-
tivity of the sensor. The addition of AgNWs increased the per-
mittivity of the dielectric layer, which in turn increased the
sensitivity of the sensor in low pressure ranges; the sensitivity
of the AgNW/TEM/PDMS dielectric based sensor was 2.1 kPa™"
for pressures under 250 Pa, which was 2.4 times higher than
that of the TEM/PDMS dielectric based sensor. The sensor’s
sensitivity decreased in higher pressure ranges as shown in
Fig. 6 and its detection limit was 1.3 Pa with a loading
response time of 50 ms under 100 kPa.

2.2.1.2 Polymer-based. Flexible pressure sensors using poly-
mers as dielectrics and assembled by printing electrodes on
top have also been demonstrated.”’*>''*'*>¢ Maddipatla
et al. used PDMS as the dielectric layer sandwiched between

screen printed CNT-based electrodes (Fig. 7a).'** The sensi-
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Fig. 7 Representative printed flexible capacitive pressure sensors. (a) Schematic of a polymer-based capacitive pressure sensor with CNT-based
electrodes and its layer alignment.*** This figure has been reproduced from ref. 144 with permission from IEEE, copyright 2017; (b) schematic of
another polymer-based capacitive pressure sensor using elastic silica gel microstructures as a dielectric layer on silver electrodes.'*® This figure has

been reproduced from ref. 146 with permission from IEEE, copyright 2021.

tivity obtained was unfortunately very low though, 0.000212
kPa~" for 0-350 kPa, among the lowest in Fig. 6. Masihi et al.’s
PDMS-based sensor was able to sense at higher pressures (the
second largest pressure of all capacitive sensors shown in
Fig. 6, 900 kPa); however, it also has low sensitivity and a long
response time (~0.8 s)."'* Its porous PDMS dielectric layer was
prepared using sodium hydrogen bicarbonate (NaHCOj3;) and
nitric acid (HNO3) to control the pore size and its distribution
without the release of toxic gases. To assemble the sensor, the
dielectric layer was sandwiched between fabric-based electrodes
with Ag ink screen printed on them. Unfortunately, a schematic
of the working mechanism of their sensor was not included in
their paper. In contrast, Ding et al. were able to obtain a higher
sensitivity (1 kPa™" below 0.4 kPa) that is comparable to the
best-performing capacitive sensors shown in Fig. 6 using silica
gel as the dielectric and through microstructure design.'*®
Silver electrode layers were inkjet printed onto PET substrates
and the elastic silica gel microstructures were printed via DIW
on the bottom silver electrode. The cross-section of the dielec-
tric layer’s microstructure is shaped as a microdome (Fig. 7b) to
increase the capacitance under pressure and thus increase the
sensitivity. As pressure is applied to the sensor, the curved
surface of the microdome shaped lines is pressed flat against
the electrode layers leading to an increase in the capacitance.
However, higher pressures will not deform the dielectric micro-
structure as easily since it will already be squeezed flat by the
high pressure, which results in much lower sensitivity for
higher pressures (0.0006 kPa~" for 50-200 kPa).

2.2.1.3 CNT-based. Guo et al. developed a flexible pressure
sensor using a CNT/PDMS composite as the dielectric layer

17146 | Nanoscale, 2022,14,17134-17156

sandwiched between two printed Ag-based electrodes,'”
which achieved the second highest sensitivity among the
capacitive sensors shown in Fig. 6. The aspect ratio and mass
fraction of the CNT fillers are key factors determining the rela-
tive permittivity of the CNT/PDMS composite dielectric, hence
the sensitivity of the sensor. Their work explored composites
with CNTs of different aspect ratios and wt%. It turned out
that composites containing CNTs with aspect ratios of
500-3000 and a mass fraction of 6 wt% have a permittivity 207
times greater than that of pure PDMS. As the mass fraction of
CNTs increased, the composites with CNTs of larger aspect
ratios experienced faster increases in relative permittivity com-
pared to the ones with lower aspect ratio CNTs. Once again,
the sensitivity of the sensor increased as the permittivity of the
dielectric increased, which is in agreement with Wang
et al’s'"® and Mo et al.’s"** works discussed above.

2.2.2 Printed flexible piezoresistive pressure sensors

2.2.2.1 CNT-based. Fig. 6 shows that CNT-based sensing
materials are commonly used in printed flexible piezoresistive
pressure sensors.’®?%°%"% yin et al’s DLP printed sensor
demonstrated the best linearity among all the piezoresistive
sensors plotted in Fig. 6, while also maintaining a decent sen-
sitivity.>® Its lattice structure pressure sensor (shown in
Fig. 8a) exhibits a sensitivity of 1.02 kPa™"' for a very wide
pressure range (0.7 Pa-160 kPa). The active layer of this sensor
is a DLP-printed TPU lattice, coated with CNTs and placed
onto a conductive fabric electrode. When pressure is applied,
the active layer is squeezed against the electrode, which
increases the contact area and further leads to an increase in
conductive pathways (i.e., conductivity). Also, when the active

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Representative printed flexible piezoresistive pressure sensors and their sensing mechanism. (a) Exploded view of the pressure sensor and (b)
deformation of the lattice structure under pressure.®® These figures have been reproduced from ref. 38 with permission from American Chemical
Society, copyright 2021; (c and d) sensing mechanism of an occluded PDMS/CNS pressure sensor.>® These figures have been reproduced from ref.
39 with permission from the Royal Society of Chemistry, copyright 2020; (e) assembly of an rGO-coated PDMS based pressure sensor; (f) cross-sec-
tional SEM images of PDMS; (g) contact area change under varied pressure.**” These figures have been reproduced from ref. 147 with permission
from John Wiley and Sons, copyright 2019; (h) schematic diagram of the biological microstructure of human skin and the sensor’s sensing layer with
a skin-inspired structure: an ultrathin-walled cellular graphene layer (top) and a thick-walled cellular graphene layer (bottom).>® This figure has been
reproduced from ref. 58 with permission from John Wiley and Sons, copyright 2022; (i) bimodal PEDOT:PSS pressure sensor with a temperature
sensing layer on top and a pressure sensing layer on bottom.>® This figure has been reproduced from ref. 56 with permission from Elsevier, copyright

2017.

layer’s lattice structure is under pressure (shown in Fig. 8b), it
enhances the interactions between the adjacent beams, which
also increase the conductivity of the lattice. This sensor
showed excellent cyclic ability as well (i.e., not exhibiting any
electrical signal degradation for 60 000 loading cycles).

Li et al. developed a similar sensor based on a PDMS/
carbon nanostructure (CNS) composite film fabricated by
spray coating CNS onto a PVDF template which was then
peeled off and attached onto PDMS via thermal curing.®® It

This journal is © The Royal Society of Chemistry 2022

demonstrated sensitivity close to the above sensor.”® Two of
these microstructured PDMS/CNS films were placed face-to-
face to form a flexible pressure sensor. Three different sensors
with different sized PVDF molds were fabricated to study the
effect of template mesh size on the sensitivity of the sensor.
The best-performing sensor exhibited a sensitivity of 1.214
kPa~' for pressures under 100 Pa, which is in the top half of
piezoresistive sensors shown in Fig. 6. As is the case with most
piezoresistive pressure sensors, the sensing mechanism of this

Nanoscale, 2022, 14,17134-17156 | 17147


https://doi.org/10.1039/d2nr04015h

Published on 19 October 2022. Downloaded by Y unnan University on 8/15/2025 7:02:16 AM.

Minireview

sensor also relies on the contact area change, as illustrated in
Fig. 8c. As pressure is applied, the microstructure of the
occluded pressure sensor experiences variations in contact
points and contact areas, which leads to a variation in electri-
cal conduction (Fig. 8d). The geometrical dimension of the
microstructure also contributes greatly to the high sensitivity
since the height of the microstructure must enable a sufficient
contact area change. The sensor’s sensitivity dropped to 0.301
kPa™' in the range of 0.1-1 kPa since the microstructure will
not generate any more contact points after being compressed
under 100 Pa.

2.2.2.2 Graphene-based. Zhang et al. used spray coating to
fabricate a graphene-based sensor: rGO was spray coated onto
a PDMS film which was then assembled with a laser-etched
AgNW-based flexible interdigital electrode to form their
pressure sensor, as shown in Fig. 8e.'*” Their sensor’s sensi-
tivity is higher compared to all other graphene-based pressure
sensors shown in Fig. 6,>*°®'*! and it is the second highest
among all the piezoresistive pressure sensors (55.0 kPa™" in
the 0-100 kPa pressure range, and 24.9 kPa™' and 10.8 kPa™*
in the respective pressure ranges 100-200 kPa and 200-400
kPa). It can be seen in Fig. 6 that even its lowest sensitivity
(10.8 kPa™") was higher than most other piezoresistive sensors.
Selective laser sintering (SLS) used to fabricate the interdigital
electrodes led to a graininess and irregular surface microstruc-
ture shown in Fig. 8f. This irregular surface microstructure
contributed primarily to the high sensitivity of the sensor
because this structure allows successive and random small-
scale contact even after being compressed at large pressure
(Fig. 8g) and minimized the contact point saturation issue as
was the case for the aforementioned sensor structure.’® In
addition, the contact area saturation is not the only reason for
the sensitivity reduction at high pressures; the small series
resistance of the sensor’s conductive layers is the inherent
resistance coming from the conductive layers’ material, and it
needs to be considered as the contact resistance decreases,
because the assumption that R.ontact 3> Rseries d0O€s not hold at
high pressures when R onec i significantly reduced. An elec-
trical model was built to demonstrate that electrical saturation
is the other factor limiting the linearity range of the sensor,
alongside contact area saturation.

Cao et al. also developed an rGO-based flexible pressure
sensor that had the second highest sensitivity among the gra-
phene-based ones shown in Fig. 6.°® They DIW printed hydro-
2el/rGO sensing layers coated with an ultrathin PDMS layer to
improve long-term stability. Inspired by skin where touch
receptors are on top of baroreceptors, the active sensing layer
also consists of two layers printed with different inks: one
ultrathin-walled cellular layer and one thick-walled cellular
layer processed by freeze-drying and post-printing annealing
(Fig. 8h). The high water content in the hydrogel-based rGO
ink allows smooth blending between the top and bottom
layers. When pressure is applied, the mechanical deformation
will result in contact area change, which will decrease the re-
sistance of the sensing material. The purpose of the two-layer
design is to have an ultralow detection limit (enabled by the
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ultrathin-walled cellular layer) and a wide detection range
(enabled by the thick-walled cellular layer). At low pressures,
most strain energy is stored in the top thin-walled layer while
the bottom thick-walled layer virtually does not deform much;
on the other hand, under high pressures, the bottom layer can
compensate for strain storage when the top layer reaches its
limit. Consequently, the sensor demonstrates an ultralow
detection limit of 1 Pa and a sensing range of 400 kPa. For
pressures less than 19 kPa, the sensitivity was 3.6 kPa™", but it
quickly dropped to 0.009 kPa—" for pressures between 19 and
400 kPa.

2.2.2.3 Polymer-based. Polymers are also applied as the
active sensing materials to build piezoresistive pressure
sensors.>®*®!"> For example, Kim et al. developed a poly-
styrene sulfonate (PEDOT:PSS)/polyurethane dispersion (PUD)-
based bimodal sensor capable of sensing both pressure and
temperature and achieved a very low pressure detection limit
of 3 Pa and a sensing range up to 5 kPa (Fig. 8i).>° The PDMS-
pyramid pressure sensing layer was fabricated by standard
photolithography and molding; subsequently, the PEDOT:PSS/
PUD composite elastomeric conductor and the AgNP layer
were inkjet printed onto the PDMS substrate. The PUD’s role is
to prevent the degradation of PEDOT:PSS under severe
bending stress and external pressure so that the pressure
sensing electrode maintains a good conductance. The micro-
pyramid PDMS facilitates the contact area increase between
itself, the PEDOT:PSS/PUD-AgNP bilayer, and the counter elec-
trode under pressure, which leads to an increase in current.
The sensitivity of this sensor was 2.5 kPa™" for pressures below
0.25 kPa but decreased and was nonlinear at higher pressures.

PEDOT:PSS was also used in Zhao et al.’s pressure sensor
that had the highest sensitivity among the polymer-based
piezoresistive sensors shown in Fig. 6. Their sensor is com-
posed of a screen-printed silver electrode onto PDMS, with a
PEDOT:PSS coated tissue paper sandwiched between the silver
electrode and another PDMS layer (Fig. 9a). This pressure
sensor obtained a high sensitivity of 3.3 kPa~" for the 0-10 kPa
range, and 0.86 kPa~"' for pressures between 10 and 16 kPa.
Similarly to the other piezoresistive sensors discussed above,
this sensor’s sensing mechanism, shown in Fig. 9b, is based
on contact area change. When no pressure is applied, few
contact points exist between the tissue paper and the Ag elec-
trode, which leads to a high resistance and low current output;
when pressure is applied, contact points increase between the
Ag electrode and the conductive tissue paper leading to a
reduced contact resistance and increased current output.

2.2.2.4 Other sensing materials. Other sensing materials
used in printed flexible pressure sensors include AuNPs,'*®
CB/PDMS,”” and aramid nanofibers (ANFs).>” For example, Xia
et al.’s AuNP-based pressure sensor had the highest sensitivity
among all the sensors shown in Fig. 6. It was able to reach
419.622 kPa™" for pressures under 100 Pa owing to its hollow
micro-cylinder structure (Fig. 9c). The microstructure of this
sensor was fabricated via SLA using flexible photosensitive
resin, after which it was spray-coated with gold nanoparticles
and assembled with the purchased conductive Ag interdigital
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https://doi.org/10.1039/d2nr04015h

Published on 19 October 2022. Downloaded by Y unnan University on 8/15/2025 7:02:16 AM.

Nanoscale

View Article Online

Minireview

(a) PDMS Tissue paper
)
Ag electrode| . PEDOT:PSS
printing printing
PDMS/Ag TP composite film
\@\
T
N

Device assembling ‘

(b)
Without pressure With pressure

(e) [ srucre

S jLelie
Epidermis &3 SRR | o
.Free nerve.
25 ® ® endings
(h)

] Inspire
q
S

(c)

(d) Diverse microstructure Miococack

Hollow Solid Hollow Solid

o=

Microcylinder Microsawtooth

L1l

Same pressure

I Deformation of different degrees

The maximum deformation
(Hollow microcylinder structure)

Au films interlink
under pressure

()

Stress o

New path ‘

-
AW

Contact path Broken path

Fig. 9 Representative printed flexible piezoresistive pressure sensors and their sensing mechanism. (a) Fabrication process of a PEDOT:PSS tissue
paper based sensor and (b) its contact area change under pressure.*® These figures have been reproduced from ref. 36 with permission from John
Wiley and Sons, copyright 2020; (c) sectional view of a hollow microcylinder structure and (d) the sensing mechanism of the hollow microcylinder
structure and various other microstructures.**® These figures have been reproduced from ref. 148 with permission from John Wiley and Sons, copyright
2021; (e) human skin structure and an inspired CB/PDMS pressure sensor; (f) optical image of the skin-inspired sensor and (g) its cross-sectional view
and (h) the sensing mechanism.?” These figures have been reproduced from ref. 57 with permission from John Wiley and Sons, copyright 2021.

electrodes on PET. Different microstructures were tested
(Fig. 9d) including hollow and solid microcylinder and micro-
sawtooth structures. The hollow microcylinder structure
showed the maximum deformation and contact area increase
under pressure. The hollow microcylinder structure showed
greater sensitivity than the solid one because the stress was
concentrated on the inner boundary of the hollow microcylin-
der under pressure, which led to a larger contact area. The
decrease in resistance is not only due to the increased contact
area between the microstructure and the electrode but also
due to the Au films becoming squeezed and interlocked under
pressure which increases the electron flow path (Fig. 9d). The
saturation in contact area change leads to a decrease in the

This journal is © The Royal Society of Chemistry 2022

sensitivity of the hollow microcylinder structured sensor to
274.397 kPa™' for pressures between 100 and 200 Pa, and
15.569 kPa " for the 0.5-2 kPa pressure range.

In a similar fashion to Cao et al.’s skin-inspired graphene-
based sensor,>® Zhu et al. also used a skin-inspired structure
for their CB/PDMS sensor’’ to obtain one of the largest linear
sensing ranges shown in Fig. 6. Their sensor’s gradient porous
structure was inspired by the gradient cell distribution struc-
ture of the epidermis layer that enables mechanical stimulus
signals to be transmitted from the epidermis to the dermis
(Fig. 9¢). A CB/PDMS composite ink was used to DIW print the
lower layer of the sensing material and the gradient structured
middle layer, followed by DIW printing of pure PDMS on top
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(Fig. 9f and g). When pressure is applied, the simultaneous
destruction and reconstruction will result in a reduction in
conductive paths and a further increase in resistance (Fig. 9h).
This sensing mechanism differs from the other pressure
sensors previously discussed where the resistance decreases
due to the increased contact area under pressure. Using this
structure, the CB/PDMS sensor was able to have a wide linear
sensing range of 0-500 kPa and a sensitivity of 0.0048 kPa™".

2.3 Printed flexible force sensors

Printing technologies have also been applied to fabricate
flexible force sensors using inks including silver,>>*74%%2
CNTs, 93466122152 Jiquid  metals'® and  conductive
polymers as the sensing elements. Based on the sensing
mechanism, they can also be grouped into three major types:
capacitive, piezoelectric and others (e.g. strain-gauge based).
Each category will be discussed in the following section.
However, since different performance metrics and units were
adopted in the literature to quantify sensitivity, such as strain
per unit force, voltage per unit force, capacitance per unit
force, etc., which cannot be easily converted or normalized
(Table S27), the authors were not able to conduct a compara-
tive analysis to evaluate the performance of printed flexible
force sensors as was done for strain sensors and pressure
sensors above. Representative sensors under each category are
discussed instead.

2.3.1 Capacitive. Flexible capacitive force sensors com-
monly adopt a parallel-plate configuration where the distance
variation between the parallel plates induced by a mechanical
force will result in a corresponding capacitance change, which
translates to a force measurement.'>® For instance, Aeby et al.
reported a flexible force sensor fabricated via FFF printing
shown in Fig. 10a. Encapsulated in flexible TPU, the sensor
consists of two parallel printed layers of carbon/PLA composite
electrodes separated by a thin sheet of TPU."** The designed
sensor demonstrated a sensitivity of 0.088% N~'. One major
drawback of this sensor is that the heat diffused from the
printer nozzle resulted in a mixing of the electrodes and the
dielectric layer, which decreased the thickness of the dielectric
layer, possibly leading to an unstable performance of the
device. To avoid the influence of heat treatment on the sensing
performance, Maddipatla et al. developed a flexible capacitive
force sensor via screen printing by depositing two layers of
conductive silver ink sandwiching a PDMS dielectric layer on a
flexible polyimide substrate (Fig. 10b)."® When an external
compression is applied, the reduction in the distance between
the two electrode layers will result in a corresponding capaci-
tance change. The sensor has a maximum detection force of
up to ~100 N, a sensitivity of 0.081% N, a maximum hyster-
esis of 3.2%, and a two-month signal decay of 0.5%.

Furthermore, to enhance sensitivity, an interdigitated
microfluidic channel configuration was integrated in printing
flexible force sensors. Jing et al. reported a thin and conform-
able capacitive force sensor by printing silver electrodes on a
Kapton substrate via AJP (Fig. 10c).”® The interdigitated micro-
fluidic configuration effectively enhances the capacitive

114,125
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response similar to typical silicon-based comb-drive electro-
static sensors. Compared to a straight and parallel-electrode
design, the interdigitated configuration increased the linear
sensitivity of the sensor from 0.55 pF N™* to 3.75 pF N™" up to
an applied force of 9 N, and its response remained stable for
2200+ compression cycles. The force detection range of this
type of sensor can also be engineered by adjusting the dimen-
sions of the microfluidic channels to accommodate various
applications (e.g., a wider microfluid channel will lead to a
larger force range with a lower sensitivity, because the volume
of liquid covering a specific portion of the sensor will be
larger). Similarly, Nag et al. also used an interdigitated elec-
trode pattern in their capacitive force sensor; graphite was cast
into the trenches of an FFF printed mold, followed by casting
and curing PDMS to form the sensor.'>® Their sensor had a
linear sensitivity of 0.2542 pF mN~" in the microscale sensing
range of 3.5-17.5 mN.

Moreover, other configurations were also adopted to
achieve better sensitivity. Albrecht et al. fabricated a flexible
force sensor consisting of four inkjet-printed Ag-based capaci-
tive “E”-shaped structures oriented 90 degrees relative to each
other on a PET substrate (Fig. 10d).’> The sensor adopted
partial overlapping electrodes which enabled sensing in lateral
directions. For instance, a shear force exerted on top of the
sensor towards the right would shift the top electrode, result-
ing in a larger overlapping area in quadrant 1, a smaller over-
lapping area in quadrant 3, while the overlapping area in
quadrants 2 and 4 would remain approximately the same. The
sensing principle of this sensor in the normal direction is
identical to that of the parallel-plate capacitive force sensors,
where the distance variation between the top and bottom elec-
trodes induced by a normal force will lead to a corresponding
capacitance change. The “E”-shaped configuration increased
the shear force sensitivity of the entire sensor to 26.2 fF N~
as deflections led to a larger change in the overlapping area,
and the normal force sensitivity reached 20.8 fF N™' with a
good linearity up to 8 N.

2.3.2 Piezoresistive. Flexible piezoresistive force sensors
leverage the resistance changes of conductive materials in a
flexible matrix under pressure. CNT-based polymer composites
have been commonly adopted in many printed flexible piezo-
resistive force sensors. For example, a force sensor designed
for robotic gripping was fabricated through DIW printing of a
MWCNT/polymer composite.”” Due to the tunneling effect of
CNTs in a polymer matrix, the change in resistance with
respect to the applied force can be captured and leveraged to
identify contacts and slips between an object and the sensor.
Emon et al. developed a similar piezoresistive sensor by DIW
printing of an ionic liquid-based polymer embedded with
MWCNTs (Fig. 10e)."® TangoPlus, a flexible and stretchable
photopolymer, was cast and UV cured to be used as the encap-
sulating layer sandwiching two DIW-printed MWCNT-based
electrodes in perpendicular arrangement with an insulating
layer in between. In addition, ‘cross-like’ structures fabricated
by 3D printing can enable force sensing in multiple directions.
As shown in Fig. 10f, Xiang et al. made a flexible force sensor

This journal is © The Royal Society of Chemistry 2022
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by FFF printing a CNT/GNP/TPU composite-based planar
‘cross-like’ structure.®® This sensor is able to measure stretch-
ing and out-of-plane forces applied on the connecting rod by
analyzing the relative resistance change in each sensing beam.
An optimal CNT-to-GNP mass ratio of 75%-to-25% was identi-
fied, for which this sensor exhibited the best linear compres-
sive sensing performance with a GF of 140. Kim et al. also
developed a 3D ‘cross-like’ structure to detect forces in the
x-y-z-directions by FFF dual extrusion of TPU and CNTs."*?
The sensitivity of this sensor was 0.6% N~' in the x and y
direction, and 2.5% N~' in the z direction. The difference in
sensitivity was due to fabrication imperfections.

Besides force sensors with simple geometries, printing
technologies have also enabled the fabrication of relatively
complicated flexible force sensors. For example, Singh et al.
developed a conductive TPU-based force sensor consisting of
an arc-like sensor head and a flat sensor base suitable for soft
haptic application in biofeedback systems (Fig. 10g).">® The re-
sistance varies according to the change in the contact area
between the arc-like head and the base when a force is applied.
The reported sensitivity was ~12.5 kQ N™' and the sensing be-
havior exhibited a great linearity up to 12 N. Also, Wang et al.
fabricated a fingerprint-like tactile sensor with both tempera-
ture and force sensing capabilities by injecting liquid metal
Galinstan into a prefabricated (i.e. DLP) polymeric film with
microfluidic channels (Fig. 10h)."® When a compression force is
applied, the cross-sectional areas of the microchannels will
change, which will correlate to a measurable resistance change
(sensitivity: 29% N~'). The three sets of microfluidic channels
with the same geometry but located in different regions around
the sensor had similar resistance changes for temperature
detection, but different resistance changes when a force was
applied, making the sensor suitable for haptic perception in
robotic applications. In addition, Shao et al. fabricated a flexible
force sensor consisting of DLP-printed arrays of PUA pyramids
coated with PEDOT:PSS (Fig. 10i)."> Their sensor’s sensing
mechanism consists of deformation in the vertical direction
leading to a resistance change as the contact area increases.
Over a linear sensing range of 400 mN, the reported sensitivity
was ~12.5 kQ N~ with a small hysteresis effect induced by the
intrinsic viscoelasticity of PUA.

2.3.3 Others. Other types of printed flexible force sensors
adopt different sensing mechanisms beyond the ones dis-
cussed above, including the integration of pre-made strain
gauges for force sensing. For example, Liu et al. fabricated a
flexible force sensor by attaching an inkjet printed PEDOT:PSS
strain gauge onto a DLP printed cantilever beam to achieve
micro-level force sensing (Fig. 10j)."® The device achieved a
sensitivity of 2.92% N~' and 2.02% error in hysteresis in the
range of 0-160 mN. Harada et al. developed a flexible sensor
for three-dimensional force and temperature sensing by inte-
grating four screen printed Ag/CNT-based strain gauges and a
temperature sensing layer with a fingerprint-like PDMS struc-
ture (Fig. 10k).*” A normal force applied on the PDMS bump
causes the four surrounding strain gauges to deform in the
same direction, while a shear force results in the elongation of
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the strain gauges in different directions. The applied force and
its direction on the fingerprint-like structure can then be esti-
mated by reading the output of each surrounding strain gauge
with a sensitivity of about 1% N~

3. Outlook

In general, printed flexible mechanical sensors are an emer-
ging field that has attracted great attention over the past
several years. Their potential in application fields such as
robotics and biomedicine have been demonstrated and contin-
ued to be explored. The high manufacturing flexibility of print-
ing technologies enabled rapid prototyping of various sensor
configurations which significantly expedited the development
of this field. A variety of material types (e.g., Ag-based, CNT-
based, graphene-based, etc.) have also been investigated with
the goal of enhancing the sensing performance. Besides
experimenting with materials, the design of novel structures
and adopting different sensing mechanisms also played
important roles in enhancing the sensing performances of all
types of flexible mechanical sensors. Given the short history of
this field, the progress made so far is very promising, but
many issues/challenges are pending to be tackled to take this
technology to the next level. For example, within any type of
sensor, strain, force or pressure, there is no clear winner or
approach recognized as the gold standard, of which future
research should build atop; in many cases, a sensor performs
well only within certain ranges; the cyclic ability of many
sensors was not reported or even tested; standards or unified
metrics are lacking, the performance of some sensor types (i.e.
force sensors) cannot be easily compared; scalable manufac-
turing was not well considered in most of the studies dis-
cussed in this paper; there is little research examining the
economics of manufacturing these sensors which makes com-
mercial adoption difficult. A promising yet challenging future
journey for printed flexible mechanical sensors is expected.
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