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Wearable strain sensors: design shapes,
fabrication, encapsulation and performance
evaluation methods
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Highly durable, stretchable, sensitive and biocompatible wearable strain sensors are crucial for healthcare,
sports, and robotic applications. While strain sensor designs, fabrication and testing methods have been widely
discussed by researchers, not many have discussed sensor improvements via implementing designs and
protection layers that make the sensor more resilient. This paper will focus on sensor designs (straight line, U-
shape, serpentine, and kirigami) and material selection that can provide better performance. Theoretical
equations and calculations to indicate how the design shapes contribute to providing better performance are
also included. An important aspect which is not often explored is having encapsulation layers which can
significantly reduce the formation of cracks when the sensor is subjected to mechanical stress and bending.
This review will include post-fabrication steps that are necessary to incorporate protection layers for wearable
sensors. Due to the curvilinear shapes of wearable sensors that often need to be in close contact with human
skin, reliability and durability testing often differs greatly from that of traditional strain sensors. Recent
techniques for performance evaluation specific to wearable sensors such as cyclic stretching, bending, stretch
till failure, washability, signal latency, and tensile tests were also discussed in detail. This includes experimental
setup and duration of testing and its significance was described. To ensure device safety for the user,
biocompatibility assessments need to be made. In this review, cytotoxicity test methods such as trypan blue,
cell proliferation and MTT assay were compared and evaluated. By consolidating recent developments, this
paper aims to provide researchers and practitioners with a comprehensive understanding of the
advancements, and future directions in this rapidly evolving field.

body-induced deformations such as vocal vibration, wrist
pulses, muscle twitches and hand gestures can be measured

Strain sensors have been extensively discussed in both industry
and academia. With the development of technology, strain
sensors have become more accurate, offering more dependable
sensing. Strain sensors have been used in various industries
such as healthcare, sports, robotics, and communications.
Fig. 1 shows the applications of wearable and stretchable strain
sensors in those industries. For healthcare applications, human
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using stretchable and flexible strain sensors.' Textile-based
strain sensors can also be used for sports during lifting
exercises, which are capable of measuring joint angles and
monitoring sweat.*® Change in sweat volume can be detected
when strain sensing fabrics are embedded within super-
absorbent hydrogels. These hydrogels swell in the presence of
sweat on top of the skin, causing the strain sensor to stretch
and produce change in resistance. When used in robotics,
strain sensors usually include the use of gloves” and a robotic
hand or any other prosthetic body part.>® Strain sensors can
also be used for communications'® and have been used to
translate sign language.'*

The advantages of wearable and stretchable strain sensors lie
in their conformity with curvilinear surfaces, high mechanical
performance, and biocompatibility. When designing strain
sensors, it is crucial that the sensor material, fabrication, design,
and characteristics meet application specific requirements.
Performance metrics for strain sensors placed on the human
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Fig. 1 (a) Measurements of human body induced deformations,® (b) finger gesture detection,? (c) measurements of different angles of bending
finger,® (d) classification of training exercise, (e) joint angle detection,® (f) sweat monitoring,® (g) strain sensing for robot hand,® (h) strain sensors

on prosthetic finger,? (i) sign language translation.*!

body include stretchability, wearability, durability and ability to
produce real-time measurements.

Highly stretchable strain sensors have been successfully
fabricated and can withstand a wide range of strain during
bending or stretching.”'*>™* However, currently strain
sensors are still not completely wearable as they are less
reliable when used repeatedly and often designed to be for
single use only. Efforts have been made to improve the
reliability and comfortability of these sensors.’>™"’
research’ has reported highly stretchable and wearable strain
sensors; however, random cracks may still form during
stretching, leading to sensor failure or disconnection. There
is not much research that has focused on the role of
protective layers in minimizing or reducing the formation of
cracks when the sensor is subjected to mechanical stress.
Thus, this review paper discusses the usage of protective
layers for the strain sensors. Most of the previous reviews
also concentrated on the strain sensor material selection and
the different types of strain sensor fabrication methods.'®*!
Therefore, this review extends the discussion on post-
fabrication steps to include protective layer fabrication.

Previous reviews have also focused on different strain
sensor designs such as 3D, geometric, and mechanical
structure.'®>>>* This paper will focus more on the theory and
calculations derived from the sensor's design shapes that
contribute to better sensor performance. The performance
can be analysed by doing characterization tests. These tests
include reliability, durability, stretchability, sensitivity, signal
latency, and biocompatibility testing of the strain sensor.
Almost all previous reviews make comparisons on the strain

Previous
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sensor's characterization or performance'®2%>**® but recent
advances in performance evaluation methods for the strain
sensor have not been sufficiently covered by the existing
reviews.

The basic principle of wearable and stretchable strain
sensors relies on converting mechanical deformation resulting
from movements of the human body into measurable electrical
signals.® Mechanical deformation occurs when the material is
stretched, creating microcracks and changes in tunnelling
resistance between conductive particles during stretching or
bending. For this mechanical deformation to occur, stretchable
materials such as elastic polymers®”>° and conductive
layers®**2%*! must be used to form the sensor that will convert
mechanical strain (microcracks) into electrical signals.
Controlled microcrack formation can enhance the performance
of strain sensors as it yields a linear relationship between the
number of cracks and the change in resistance.** Although
ultrasensitive, crack-based sensors are highly desirable, these
sensors usually cannot withstand large, applied strains, as it
leads to sensor cut-off in the conductive pathways.*” Balance
between sensitivity and a viable strain range is still difficult to
achieve due to unstable crack structure. To create a high-
performance strain sensor, additional factors including the
materials, design, encapsulation layer, and fabrication method
can be investigated.

Recent research developed a kirigami piezoelectric strain
sensor to achieve high sensitivity, durability, and stretchability.”
The developed sensor was effectively used in a haptic glove for
musical instruments. This innovative approach of using
kirigami cut patterns in sensor design creates a structure that

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can unfold and refold, allowing for greater flexibility and
stretchability without compromising the sensor's functionality.
Another recent study®® designed a superhydrophobic strain
sensor that can be used for underwater applications such as
joint motion detection of a swimmer. This sensor is covered
within an encapsulation layer that helps to increase the gauge
factor or sensitivity of the sensor. Encapsulated sensors can
detect large and small human movements more accurately. The
innovative approach of the superhydrophobic strain sensor and
extra protection from the encapsulation layer can contribute to
signal quality improvement, resulting in more consistent sensor
readings in wearable devices.

A high-performance, environmentally friendly strain sensor
was developed using graphene/thermoplastic polyurethane
(TPU) composite.** This sensor demonstrated high sensitivity
(GF >3905) with a broad sensing range (0-82.4%), and excellent
durability, making it suitable for real-time human motion
monitoring. This graphene-based strain sensor was successfully
used to monitor joint movements and breathing patterns,
indicating its potential in practical applications like wearable
health monitoring devices and human-machine interaction
systems. The use of polydopamine (PDA) coating® enhances
the biocompatibility of nitrile butadiene rubber (NBR) and
carbon black (CB) strain sensors as it yields a sensor that is safe
for human skin. The non-cytotoxic nature of this composite
(NBR/CB/PDA) represents a significant advancement in creating
skin-friendly sensors, especially for wearable devices.

To summarize, this review will focus on the evaluation
methods and experimental setup that can be wused to
characterize the strain sensor's reliability, durability,
stretchability, sensitivity, response and recovery time, and
biocompatibility. Different from other reviews, we present a
comprehensive review that starts with material selection,
fabrication techniques, and the protective layer of the strain
sensor. The next section explains the strain sensor design
shapes including shape type, design theory, equations,
calculations, and performance comparison to find the best
design for wearable applications. The following section
describes the type of experiments that can be conducted on
fabricated sensors to evaluate their performance. Different
testing methods such as cyclic stretching test, bending test,
stretch until fail test, washability test, signal latency test, and
tensile test are discussed. Biocompatibility tests such as
cytotoxicity test using different assays such as trypan blue, cell
proliferation and MTT assay were compared and evaluated. This
comprehensive review describes the strain sensor development
from start to finish, encompassing sensor design, fabrication
methods and performance evaluation and analysis.

2. Strain sensor fabrication

The fabrication of strain sensors involves multiple processes
to ensure accurate and reliable performance, from choosing
a suitable material for the application to deciding the
method of fabrication. Different ways of fabrication can give
different performances of the strain sensors. There are many

© 2024 The Author(s). Published by the Royal Society of Chemistry
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methods and materials used in previous studies in
fabricating strain sensors. The section below discusses
different types of conductive materials and substrates of
strain sensors.

2.1. Material selection

Choosing the right materials is important for a strain sensor
to exhibit the best performance. The active material is
supposed to be conductive to detect electrical changes of the
strain sensor. The substrate should be stretchable, wearable,
and biocompatible to human skin. A good strain sensor
material should possess properties such as high sensitivity,
stretchability, durability, and fast response time. Various
materials have been explored for strain sensor applications
such as carbon based and silver based conductive materials,
including graphene/graphite, carbon nanotubes, carbon
black, and silver nanowires. Strain sensor substrates such as
TPU, PDMS, Ecoflex, elastomer, and paper are also explored.
Table 1 provides insights from previous studies on different
conductive materials and substrates for strain sensors.
Conductive materials such as silver nanowires show a high
sensitivity of more than 1000 gauge factor and can stretch up
to 50-60% strain which is suitable to detect hand motion.
However, its durability lasts only until 200 cycles which is
quite low compared to carbon material which can give a
durability of 1000 cycles. Silver has a very decent response
time of less than 10 ms as the hands need sensors that can
detect fast movements. Carbon gives the highest durability of
2000 cycles and lowest response time of 332 ms and is
considered as the best candidate for strain sensors. However,
its sensitivity is the lowest among all. On the other hand, the
sensitivity of graphene strain sensor ranges from 9 to 37
gauge factor. Stretchability, biocompatibility, and conductive
material-compatibility are the parameters that can be
considered in substrate selection for a strain sensor. Based
on a previous study as shown in Table 1, a TPU strain sensor
can stretch up to 50-60% which is a suitable range for hand
motion detection.

Biocompatible materials ensure that strain sensors are safe
for use on the skin without causing irritation or adverse
reactions, making them suitable for wearable applications. A
previous study*® produced composite films consisting of nitrile
butadiene rubber (NBR) films with the addition of carbon black
(CB) and polydopamine (PDA) which were noncytotoxic and
highly biocompatible (Fig. 2a). The PDA coating added to the
NBR films can improve their biocompatibility, opening the
possibility of using coated films in direct skin contact
applications Fig. 2c presents a direct attachment of a WDT
eutectogel sensor on the skin surface of the abdomen for breath
monitoring.** Previous work also presented a biocompatible
hydrogel strain sensor**™’ that can be attached to the human
skin to detect facial expression and hand motion as shown in
Fig. 2b, d and e. Fig. 2f shows that pure silicone can be used to
create an insulating and fully biocompatible coating for an on-
skin strain sensor.*® Given that hydrogel has been used mostly

Sens. Diagn., 2024, 3,1635-1650 | 1637
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Table 1 Strain sensor materials and performance
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Sensitivity Stretchability Stability/durability Response
Conductive material Substrate (gauge factor) (strain) (%) (cycle) (time) Ref.
Silver nanowires TPU >1000 50-60 200 <10 ms 36
Carbon nanotube PDMS 5-9 40 1000 2.5s 37
Carbon nanotube Ecoflex 1.75 500 2000 ~332 ms 38
Graphene EPDM/PDMS 20-37 68-120 1000 — 39
Graphene Polymer hybrid 9-37 >200 >60 000 — 40
nanocomposite
Carbon Elastomer 3.8+0.6 ~400 1000 <1ls 41
Carbon paper PDMS 4.73-25.3 228 1000 0.5s 42
Carbon black and Paper 4.3 — 1000 240 ms 43

carboxymethyl cellulose

-
-

==y
s

Fig. 2 Biocompatible and wearable strain sensors. (a) Nitrile butadiene rubber (NBR) films with the addition of carbon black (CB) and
polydopamine (PDA) strain sensor,>® (b) polyvinyl alcohol (PVA)//silver nanowires (AgNWs) strain sensor,*® (c) deep eutectic solvents (DES),
waterborne polyurethane (WPU), and tannic acid (TA) (WDT),** (d) graphene foam (GF) and polyacrylamide/calcium alginate (PAM/CA) double
network hydrogel coupled with chitosan,* (e) strain sensor based on a nanocomposite containing ionic hydrogels and silver nanofibers (AgNFs),*”
(f) Ecoflex silicone and multi-walled carbon nanotubes (MWCNTS) strain sensor.*®

in earlier research, this suggests that it can be an excellent
substrate for a biocompatible strain sensor.

2.2. Fabrication technique

There are various methods for fabricating strain sensors,
including screen printing, 3D printing, embroidered textiles,
and casting techniques. Each of these methods can be useful
depending on the application of the strain sensor. Strain
sensor fabrication methods shown in Fig. 3 can be used for
different applications such as healthcare, infrastructure
monitoring, soft robotics, and wearable devices.
Screen-printed (Fig. 3a) sensors are manufactured by
printing different types of ink or paste on different substrates.
Screen printing is a promising technique due to its low cost,
ease of operation, and scalability. Recent studies have shown
that screen printing technology can also be used to fabricate
strain sensors.”* This method can be used to print sensors on
biocompatible substrates. The development and improvement
of screen-printed sensors have made them a promising
technique for numerous printed microelectronic applications in
industry, including the fabrication of flexible sensors for human
health monitoring.> Other advantages of screen-printed

1638 | Sens. Diagn., 2024, 3, 1635-1650

sensors include their flexibility of design, reproducibility, and
the possibility of modifying the composition of inks to tailor
them for specific applications. The process of screen printing
contributes to the production of biocompatible sensors suitable
for human skin due to their versatility and potential for
integrating with flexible and wearable electronics. This method
does not involve or introduce any chemical reaction post-
printing,”® making the sensors suitable for human skin. Based
on previous studies,””®" some of the materials that are suitable
for the strain sensor screen printing method are silver
nanoparticles, silver nanowires, silver flakes, carbon nanotubes,
and carbon graphite.

3D printing (Fig. 3b) is a versatile fabrication method that
allows for the creation of complex and customized structures.”
3D printing can produce biocompatible sensors using
specialized resins and polymers designed for biomedical
applications.® These materials such as photopolymer-based
conductive resins, flexible ultraviolet (UV) resin, and conductive
ultraviolet (UV) resin can be custom designed to print sensing
prototypes with specific electrical, mechanical, and thermal
properties. While 3D printing offers advantages such as high
accuracy, repeatability, and customization, it may not achieve
the same level of production efficiency as screen printing due to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fabrication method of strain sensor. (a) Strain sensor screen printing process flow.>® (b) 3D printing using UV resin material.>* (c)
Embroidery patterns sewn on fabric using conductive thread.>? (d) Casting process flow of strain sensor.>*

the complexity of the process and the time-consuming nature of
3D printing.

Embroidered textile (Fig. 3c) refers to a method of creating
strain sensors by embroidering conductive threads onto
stretchable fabrics such as cotton and polyester. Based on
previous study,®® it provides a flexible and lightweight solution
for monitoring human motions and can be seamlessly
integrated into various types of clothing. Embroidery can be
used with biocompatible substrates to create compliance
control stitch patterns in the substrate materials.>” The casting
method process (Fig. 3d) involves pouring material into a mold
to create solid objects such as strain sensor. It is highly suitable
for the fabrication of strain sensors on a large scale® and for
designing three-dimensional structures. Strain sensors created
through casting are susceptible to errors and interferences, such
as changes in resistance due to temperature or humidity,
hysteresis, creep, or fatigue, which can reduce accuracy and
repeatability. On the other hand, screen printing provides a
more precise and controlled way to apply conductive materials
onto substrates, offering better accuracy and reliability in strain
sensing applications.

Different fabrication techniques such as screen-printing,
3d printing, embroidery and casting method have different
benefits in terms of material compatibility, scalability, and
precision. Stretchability, durability, and sensitivity are just a
few of the sensor characteristics that are impacted by the

© 2024 The Author(s). Published by the Royal Society of Chemistry

fabrication method selection. New manufacturing techniques
are evolving as technology progresses, offering increasingly
more advanced and effective ways to produce sensors.

2.3. Encapsulation techniques

Encapsulation of strain sensors is one of the important aspects
for sensor performance. Protective layers can enhance the
durability, accuracy, and lifespan of sensors by protecting them
from mechanical factors such as cracks and sensor cut-off and
environmental factors, such as moisture, dust, and chemicals.
It is also important to select the right encapsulation layer based
on the specific application and environmental conditions.
Different types of protective coatings are introduced.
Fig. 4a and d shows the use of PDMS as the protective layer of
strain sensors. The dip-coating technique®>®® was used to
encapsulate the strain sensor within thin PDMS. The PDMS
sheath helps to maintain the sensor's structural integrity,
preventing the sensor from peeling off during repeated
stretching or bending. The use of this PDMS coating improves
the sensitivity of the PU yarn-based strain sensor from 18.33 to
661.59 and still maintained its original electromechanical
properties during 10000 stretching/releasing cycles. This
qualifies the sensor for longer-term usage. The PDMS coating
also makes the sensor waterproof, protecting the sensing layer
from moisture and making the sensor less sensitive to humid

Sens. Diagn., 2024, 3,1635-1650 | 1639
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alumina as protective layer,®® (d) PDMS-encapsulated MXene@polyester fabric strain sensor,®® (e) stretchable MXene/thermoplastic polyurethane-
based strain sensor,® (f) PU as protective layer of the sandwich structured PU/AgNW/PU composite strain sensor.”®

environments. The flexible and stretchable nature of PDMS
allows the protective layer to conform and deform along with
the sensor without cracking or losing its protective properties.

CB/TPU/Ecoflex strain sensor (CTESS) (Fig. 4b) was
fabricated by encapsulating the CB/TPU composite mat with
Ecoflex to secure the conductive network. Ecoflex is absorbed
into the TPU fiber network during the encapsulation process,
and it wraps the CB/TPU fiber to form a sandwich-like
structure. The conductive network of CB/TPU fibers is
effectively shielded by the self-formed sandwich structure,
allowing it to provide more consistent and reliable readings
over time and under various conditions.

There is also a previous work®® that used alumina to
encapsulate the sensor. The alumina protective coating is
deposited on top of a strain sensor (Fig. 4c) using an atomic
layer deposition (ALD) system. This technique allows more
precise control of the coating thickness and uniformity and can
be used for the application of very thin layers of alumina. This
is advantageous as it protects without significantly altering the
sensor's overall dimensions or flexibility. Alumina can also act
as a protective coating against humidity while in adverse
conditions such as variations in relative humidity and repeated
mechanical stress. Utilizing alumina as a protective coating is
an inventive way to improve reliability and resilience to
environmental stresses in strain sensors. This is useful for
applications where sensors must function in difficult or
unpredictable situations, including outdoor spaces where
mechanical stress and humidity are frequent occurrences.

One example of a TPU encapsulated strain sensor is the
MXene/thermoplastic polyurethane based strain sensor
(Fig. 4e) developed by Fang et al.®® This sensor was fabricated
using a combined electrospinning and micromachining
process, resulting in a highly stretchable and sensitive strain

1640 | Sens. Diagn., 2024, 3,1635-1650

sensor with a wide sensing range. The high elasticity property
of TPU is also crucial for uniform strain distribution, and
also increases the operating range of the strain sensor.®® After
the sensor is stretched, microcracks can be seen on the fiber,
but most of them can still maintain a good connection state.
The TPU encapsulation in this case not only protected the
strain sensor from external factors but also contributed to
the sensor's overall performance by enhancing its stability
and sensitivity.

Another example (Fig. 4f) is when a solution of a pre-
crosslinked polyurethane in dichloromethane is poured onto
the surface of AgNWs forming a protective layer; the former
penetrated into the interconnected pores of the AgNW
network due to the strong affinity between the imino groups
of PU and the surfaces of AgNWs. Encapsulation of the
conductive networks allow the sensor to be highly sensitive
and protected from damage induced by limited
deformation.”®

The choice of protective layer for a strain sensor depends on
the specific application and requirements. Ecoflex and PDMS
are suitable for wearable and medical applications due to their
high flexibility and biocompatibility, while TPU is suitable for
thermal management applications due to its high thermal
conductivity and bending performance. The use of TPU in strain
sensors offers benefits such as high stretchability, sensitivity,
and stability, making it a viable option for various sensing
applications, especially those requiring flexibility and durability.
Alumina is suitable for protecting strain sensors from humidity
and corrosion due to its high thermal conductivity and
resistance to humidity and corrosion.

Protective layers are crucial for enhancing sensor durability,
water resistance, and overall performance. Materials like PDMS,
Ecoflex, and alumina coatings have shown significant promise

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in protecting sensors while maintaining their flexibility and
sensitivity. The encapsulation process not only shields the
sensor from environmental factors but can also contribute to
improved strain distribution and sensor stability. As wearable
technology advances, the development of more effective and
biocompatible encapsulation methods remains a key area of
research.

3. Strain sensor design shapes

When designing strain sensors with different shapes, there are
several factors to consider. These factors include sensitivity,
flexibility, durability, ease of fabrication, and optimal sensor
placement. The strain sensor should be able to detect small
changes in strain accurately. The shape of the sensor can affect
its sensitivity, with some designs being more sensitive than
others. In terms of flexibility, the sensor should be able to
conform to the shape of the object it is measuring strain. This
is especially important for applications where the object is
subject to bending or twisting. The sensor should be able to
withstand the conditions it will be exposed to, such as
temperature changes, moisture, and mechanical stress. The
design of the sensor can affect its durability, with some shapes
being more robust than others. The sensor should also be easy
to manufacture, preferably using low-cost and scalable
techniques. The design of the sensor can affect its
manufacturability, with some shapes being more suitable for
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mass production than others. In some applications, the
placement of the strain sensors on the object can affect their
performance. Researchers have developed optimization
methods to determine the best sensor placement for specific
structures. The design of the sensor should consider these
optimization methods to ensure accurate and reliable
measurements.

There are many different designs and configurations of
strain sensors used in research and industry such as straight
line, serpentine, U-shape, and kirigami. Each design has its
own unique properties and advantages for different
applications. The choice of design will depend on factors
such as the specific application, material properties, and
desired sensitivity and range of motion. The differences
between straight line, U-shape, serpentine, and kirigami
strain sensors lie in their structural designs and mechanical
responses to strain.

Straight line (Fig. 5a and b) strain sensors’" typically exhibit
a linear response to strain and are suitable for basic strain
applications, although they have limited
stretchability and flexibility compared to more complex designs.
U-shape strain sensors (Fig. 5c¢ and d) offer improved
stretchability and flexibility due to their curved structure,
providing enhanced sensitivity and durability for moderate
strain measurement applications.””> Serpentine strain sensors
(Fig. 5g and h) feature a meandering, sinusoidal shape’® that
allows for significant stretchability and flexibility, making them

measurement

<)

(Qiu etal., 2020)

(Yong et al., 2020)

Fig. 5 Strain sensor design and shape. (a and b) Straight line strain sensor,””’* (c and d) U-shape strain sensor,”>”* (e and f) kirigami strain

sensor,*””7% (g and h) serpentine strain sensor.”*”®
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Dimension in mm
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L
W
R
N=4,6,8,10 L=1000 um
W= 20 um P= 260 pm

Fig. 6 Strain sensor design shape parameter and dimension. (a) Straight line, (b) U-shape, (c) serpentine, (d) kirigami.

suitable for wearable and stretchable electronics. Kirigami
strain sensors (Fig. 5e and f) utilize a design inspired by the
Japanese art of kirigami, involving the strategic introduction of
cuts and patterns’® to enhance stretchability and
conformability, offering exceptional adaptability to various
surface geometries and high mechanical compliance for
advanced applications. These different designs cater to specific
requirements in strain sensing, offering varying levels of
stretchability, flexibility, and sensitivity, with the choice of
sensor design depending on the specific application and the
mechanical demands of the intended usage. Fig. 6 shows the
shape parameters and dimensions of the strain sensors.

3.1. Straight line

The straight line design as shown in Fig. 6a is a simple
configuration where the sensing element, such as a resistive
film, is arranged in a straight line along the direction of the
applied force or deformation. The deformation or strain of
the material can be quantitatively and directly measured
using eqn (1).

The strain sensor serves as a mechanical-to-electrical
converter by converting the mechanical strain into a change in
electrical resistance. It produces a voltage change proportionate
to the strain because of this change in resistance.

The equation of strain is given by,

€= 1)

where ¢ is the strain, L denotes the material's length, and AL
is the change in length due to external force.

Hooke's law states that the amount of deformation (strain)
in an object is directly proportional to the force (stress)

1642 | Sens. Diagn., 2024, 3,1635-1650

applied to it if the deformation remains within the elastic
limit of the material. Mathematically, it can be expressed as:

c=¢E (2)

where ¢ represents stress, ¢ represents strain, and E is the
modulus of elasticity, i.e. Young's modulus.

In the context of electrical strain gauges, which are
commonly used to measure strain, the change in the
electrical resistance of the gauge is proportional to the strain
experienced by the material.

Mathematically, the relationship between resistance and
strain can be expressed as follows:

GF:@ (3)

&

where AR is the change in resistance, R, is the initial
resistance of unstretched sensor, GF is the gauge factor, and
¢ is the strain experienced by the material.

Resistivity is a property of a material that affects its
resistance, and strain is a measure of the deformation of a
material that can be related to changes in its resistance. The
relationship between resistivity, resistance, and strain is
fundamental to the operation of electrical strain gauges.

The relation between resistivity and resistance is expressed as:

R:PZ (4)

where p is the resistivity, L is the length of the conductor, and A
is the cross-sectional area.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To calculate the strain using a straight line strain sensor,
the sensor is typically placed on the surface of the material in
the direction of the expected deformation. When it stretches,
the distance between two points on the sensor changes,
causing a change in the electrical resistance of the sensor.
For example, a straight line strain sensor that is 10 cm long
is placed on a material that is expected to stretch by 1 cm.
The change in length of the sensor, AL, would be 1 cm, and
the original length of the sensor, L,, would be 10 cm.

Using eqn (1), we can calculate the strain as:

AL
e=1-= 1cm/10 cm = 0.1 or 10%

o

This means that the material has stretched by 10% along the

direction of the sensor.

The resistance was calculated using eqn (4) according to
the resistivity of the material used and the gauge factor (GF)
was calculated using eqn (3). For example, the resistance was
calculated as in Table 2 by using the resistivity 2.1427 Q m of
the C/TPU/Tegaderm from previous work.”” Using the
thickness of the sensor of 0.0001 m and width of 0.01 m, the
area is 0.001 m. The gauge factor of the straight line design
is 0.9986 as shown in Table 2.

Another research has developed a straight line strain sensor
using a  multiwall carbon nanotube (MWCNT)/
polydimethylsiloxane (PDMS) composite.’”” The composite with
7% MWCNTs was found to be the most effective in terms of
strain sensing compared to those with 5% and 9% MWCNTS.
The strain sensor showed a gauge factor of 5-9 under 10-40%
strain, with a linear curve of relative change in resistance versus
strain. Furthermore, the strain sensor exhibited a quick
response time, low hysteresis, and great stability under 1000
cycles of stretching and releasing, demonstrating excellent long-
term endurance to mechanical stimuli. The strain sensor was
successfully utilized to monitor human finger and wrist
bending, precisely sensing motion deformation and states.

3.2. U-shape

A U-shape strain sensor is another configuration where the
sensing element is arranged in a U-shape, which allows for
greater sensitivity and range of motion. Fig. 6b shows the
U-shape design of the strain sensor.

The strain of a U-shape strain sensor can be calculated
using the following equation:

&=— (5)

where ¢ is the strain, L, denotes the material's length, and AL is
the change in length due to stretching of the U-shape sensor

Table 2 Resistance of straight line strain sensor
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Length L, is the length from the start of the connector to
the end of another connector. L, is useful in calculating the
resistance of a U-shape strain sensor using eqn (4) before
and after strain is applied. Length L, is calculated using the
following equation:

To —Ti
Ln:pr2+n< °2 ‘+ri> (6)

Assuming that the U-shape design has 0.001 m width,
thickness of 0.0001 m, r, of 0.003 m, r; of 0.002 m, L, of 0.04
m, and L, of 0.1 m, the resistance can be calculated as shown
in Table 3. The U-shape design allows easy connection at the
end of the connector. A recent study developed a U-shape
stretchable elastomer/graphene strain sensor that can
measure strain with high resolution up to 0.089% and
accuracy of over 99.7%. The resolution refers to the
minimum dimension of accurate measurement.*’

3.3. Serpentine

The serpentine design (Fig. 6¢) in strain sensors involves a
pattern that resembles a series of connected waves or curves,
resembling the shape of a snake or a serpentine path. The
serpentine-shaped film structure allows for increased
flexibility, stretchability, and excellent tortuosity of the sensor
and illustrates the application capability in skin-mountable
wearable electronics, human-machine interactions, and soft
robotics.”® The total length of the wires will affect the
amount of resistance. The longer the wire, the higher the
resistance that there will be. Thus, this design will allows
higher resistance within a smaller area. Applying a tensile
strain to the substrates causes separation of the serpentine
traces, increasing the resistance while using a smaller area.”

The serpentine design helps the sensor to accommodate
the deformation or stretching of the material it is attached to
without affecting its performance or accuracy. The wave-like
structure allows for better distribution of strain across the
sensor, reducing the chances of localized stress concentration
that could lead to sensor failure. Researchers present a novel
flexible strain sensor in serpentine design as shown in
Fig. 6¢.%° Their results demonstrated that the gauge factor is
large when the line width of the serpentine pattern of
SWCNNSs is small.

3.4. Kirigami

Kirigami strain sensor is a type of flexible strain sensor that
is inspired by the Japanese paper-cutting art of kirigami as
shown in Fig. 6d. In this design, a thin and flexible substrate,
such as a polymer film, is patterned with cuts that create a
flexible lattice structure. The lattice structure can undergo
large strains while still maintaining its electrical conductivity.

Design Material Resistivity (Q m)

Lo (m)

R at 0% (kQ) R at 10% (kQ) AR (kQ) GF

Straight line C/TPU/Tegaderm

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.1427 (ref. 77) 0.1

214.3 235.7 21.4 0.9986
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Table 3 Resistance of U-shape sensor
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Design Material Resistivity (Q m) L, (m)

Ln Rat 0% (kQ) R at 10% (k) AR (kQ) GF (K)

U-shape C/TPU/Tegaderm 2.1427 (ref. 77) 0.04

To use a kirigami strain sensor as a strain gauge,
electrically conductive material is deposited on the substrate,
filling the cuts, and creating a continuous electrical pathway.
When the substrate is subjected to a strain, the lattice
structure deforms, causing a change in the electrical
resistance of the material. This change in resistance can be
measured and used to calculate the strain experienced by the
material.

One of the key advantages of a kirigami strain sensor is its
stretchability. Based on previous work, kirigami design is
proven to exhibit strain-insensitive electrical properties of up
to 240% applied tensile strain, including a combination of
stretching, twisting, and/or shearing.®" This shows that
kirigami design allows for better elongation compared to
straight line and U-shape strain sensors.

Taking resistivity from previous experimental work,”” the
gauge factor of kirigami design can be calculated as shown
in Table 4, which is 0.5542.

Table 4 Resistance of Kirigami design

0.1 1882.45 2053.86 171.42 0.9106

For comparative analysis, as shown in Table 5, straight line
designs are best for simple, precise measurements but lack
flexibility for complex applications. U-shape designs offer a
balance between simplicity and improved flexibility, suitable for
moderate strain applications. Serpentine designs excel in
stretchability and flexibility, making them ideal for wearable
and soft robotic applications. Kirigami designs offer the highest
stretchability and adaptability, suitable for the most demanding
flexible electronic applications. The choice of design depends
on the specific application requirements, balancing factors such
as required strain range, flexibility, ease of manufacturing, and
the complexity of the surface or movement being measured.

A comparison of different strain sensor shape designs and
their performance, such as sensitivity, stretchability, stability, and
signal latency are summarized in Table 6. The Kirigami design
appears to have a good overall performance, with high stability,
good stretchability, and fast signal response time. Stability is an
important factor in the performance of strain sensors, as it

Design Material Resistivity (Q m)

AL at 10% strain (m)

R at 0% strain (kQ) R at 10% strain (kQ) GF

Kirigami C/TPU/Tegaderm 2.1427 (ref. 77) 0.027

Table 5 Comparative analysis of different strain sensor shapes

249.17 262.98 0.5542

Design
shape Pros Cons Suitable applications Ref.
Straight line - Simple design - Limited stretchability - Structural health monitoring 37 and 71
- Linear response to strain and flexibility - Precise strain measurements
- Suitable for basic strain - May not conform well in rigid structures
measurement to complex surfaces
- Easy to fabricate
U-shape - Improved stretchability - Limited to be stretched in one - Sensors for prosthetic limbs 74 and 72
compared to straight line axis for the highest performance requiring extreme flexibility
- Enhanced flexibility - Applications requiring easy
- Better sensitivity for electrical connections
moderate strain - A long flexible curve surface
- Allows easy connection at ends
Serpentine - High stretchability and - More complex design and requires - Skin-mountable wearable 73 and 76
excellent flexibility more precise manufacturing electronics
- Better distribution of strain - Applications requiring
- Can accommodate large high stretchability
deformation
- Higher resistance in a
smaller area
Kirigami - High stretchability - Complex design and - Advanced wearable devices 47 and 75

- High adaptability to various
surface geometries

- Maintains electrical
conductivity under large strains
- Combines stretching, twisting,
and shearing capabilities

1644 | Sens. Diagn., 2024, 3,1635-1650

manufacturing process
- May require specialized
cutting techniques

- Sensors for prosthetic limbs
requiring extreme flexibility

- Highly stretchable electronic
skin for robotics

- Strain measurement on
non-planar or irregularly
shaped surfaces

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Comparison of strain sensor performance for different shape designs

Shape

design Material Sensitivity Stability Stretchability Signal latency Ref.

Straight line MWCNT/PDMS GF 5-9 1000 cycles Under 10-40% strain <5 s response time 37

Straight line Hydrogel GF 3.83 100 cycles Of 10% strain <2.5 s response time 31

Straight line CNT-Ecoflex GF 1.75 >2000 cycles 500% strain ~332 ms response time 38

Serpentine GNPs/MWCNTSs/SR GF 6.3-2675.5 >2000 cycles 100% strain ~46 ms response time 78

U-shape EPDM/graphene, GF 20-37 1000 cycles 120% (EPDM/graphene), 0.16 s (PDMS/graphene) 39
PDMS/graphene 68% (PDMS/graphene) 0.18 s (EPDM/graphene)

Kirigami Graphene-polymer >80% delta R >60 000 cycles >200% strain <1 s response time 40
hybrid nanocomposite at 60% strain

U-shape Carbon/elastomer GF 3.8 £ 0.6 1000 cycles ~400% ~1 s response time 41

ensures that the sensor maintains its accuracy and reliability over
time and under different environmental conditions.

The kirigami design appears to be the most stable of the
designs, indicating that it is less likely to degrade or lose
performance over time or in response to external factors such
as temperature or humidity. Stretchability is another key
factor in the design of strain sensors, particularly for
applications where the sensor may need to conform to
irregular or curved surfaces or be subjected to bending or
stretching. The kirigami design appears to have good
stretchability, suggesting that it can bend and flex without
losing its sensitivity or accuracy. In applications such as hand
gesture detection, where rapid movements and response
times are important, a fast signal latency is critical. The
kirigami design appears to have a fast response time, making
it well suited for such applications.

4. Strain sensor performance
evaluation method

Evaluating the performance of strain sensors is essential to
ensure their accuracy, reliability, and functionality in real-world

a)

applications. Performance evaluation methods and testing
procedures are crucial steps in determining the sensor's
sensitivity, linearity, durability, and response time. This
evaluation process involves subjecting the strain sensor to
controlled mechanical loading, environmental conditions, and
calibration tests to assess its performance characteristics. By
conducting comprehensive performance evaluations, researchers
and engineers can validate the sensor's capabilities, optimize its
design parameters, and enhance its overall performance for
specific applications. This introduction sets the stage for
understanding the importance of evaluating strain sensor
performance and the methodologies involved in testing and
validating their functionality. Fig. 7 shows the different types of
equipment used for each characterization test. For example, the
abrasion tester (Fig. 7a) is functional for washability test. The
tensile machine (Fig. 7b) can be used for tensile test and
stretching test of the strain sensor. The bending tester (Fig. 7c)
can be used for evaluating the flexibility of strain sensors. Trypan
blue assay (Fig. 7d) is one of the staining methods used in
evaluating the biocompatibility of strain sensors.

The shape of strain sensors plays a critical role in determining
their performance characteristics. Straight line designs offer

b Mounted to a

a
—J — loadcell
Hole for magnetic
probe mounting
Stretchable
conductive material
Magnet holder

(for a firm
connection between
the material and
magnetic probe)

Mounted to an x-y
adjustable jig

d)

-— .-

Add90pL Add 10pL Add 100pL  Mix well
PBS cell  Trypanblue  but
sample gently

Fig. 7 Equipment for evaluating strain sensor performance. (a) Abrasion tester,?? (b) tensile machine,®® (c) electro-mechanical tester for bending

test,®* (d) trypan blue assay.®®
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simplicity and precision for basic strain measurements, while
U-shapes provide a balance between flexibility and ease of
fabrication.  Serpentine  patterns  significantly = enhance
stretchability, making them ideal for wearable applications.
Kirigami designs push the boundaries of flexibility and
adaptability, allowing for extreme deformations. Each shape has
its unique advantages, and the choice depends on the specific
application requirements, highlighting the importance of tailored
design in sensor development.

4.1. Washability test

The washability of strain sensors refers to their ability to
withstand washing cycles without compromising their
functionality or performance. Washable strain sensors are
designed to maintain their sensing capabilities even after being
subjected to washing processes, such as machine washing with
conventional cleaning agents. This characteristic is crucial for
strain sensors integrated into wearable technology, smart
textiles, or garments, as it ensures that the sensors can be
cleaned without deteriorating their sensing properties.
Washable strain sensors are essential for applications where
hygiene, durability, and long-term use are key factors.

A previous work®® conducted an abrasion test on abraded
copper-coated textile where an abrasion tester (Fig. 7a) was used
from James Heal at 47.5 rpm with standard worsted wool and a
constant pressure of 12 kPa for 60000 cycles. Abrasion of the
copper coating on the thread surface due to the wear from the
abrasion test was observed.

A magnetic stirrer has also been used for washability analysis
based on previous research.’® The electronic textiles are
subjected to a violent washing in a beaker with a magnetic
stirrer at a rotation speed of 800 r min™ for 3 min, which is
much faster than the speed of a normal washing process. After
that, the electronic textiles are dried in an oven at 60 °C for 12 h
to finish one washing process. This process was repeated ten
times, with the resistance and strain sensing performance of
the e-textile strain sensor being tested after each washing and
drying cycle. Another example of washability test that resulted
in negligible change in resistance after repeated washing steps
was reported.®” Rigorous washability testing on thread-based
strain sensors with different detergents was conducted. E-textile
sensors are prone to various damage during washing, such as
damage to conductive coatings, metallization layers, wires,
conductive tracks, connections, protective layers, and textile
changes. The evaluation of washability analysis helps in
understanding the influence of different variables, including
the textile substrate, conductive paste/ink, conductive yarns and
textiles, protective coating, layout, design and integration,
processing parameters, washing and drying parameters, and
assessment criteria.

4.2. Linear test

The linear test is used to determine the sensitivity of a strain
sensor by measuring the change in electrical resistance in
response to a known and controlled amount of strain applied

1646 | Sens. Diagn., 2024, 3,1635-1650
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to the sensor. The sensitivity of a strain sensor is typically
expressed as the gauge factor (GF), which is the ratio of the
relative change in electrical resistance to the applied strain.
In a linear stretching test, the GF is determined by applying a
series of increasing strains to the sensor and measuring the
corresponding changes in electrical resistance. The GF is
then calculated as the slope of the linear relationship
between the relative change in electrical resistance and the
applied strain.

For example, a previous study*> developed an ultrasensitive
and stretchable strain sensor based on a conductive composite
material. To verify the high sensitivity of the sensor, a linear
stretching test was performed by applying a series of small
strains to the sensor and measuring the corresponding changes
in electrical resistance. A significant change in the resistance
even under 1% strain was observed, indicating that the sensor
had a high sensitivity to small strains.

4.3. Tensile test

A tensile test of a strain sensor involves subjecting the sensor
to increasing amounts of strain to evaluate its stretchability
and the maximum strain it can stretch. The stretchability of
a strain sensor is related to its ability to maintain physical
integrity and response stability under strain.'® The tensile
test can also measure the Young's modulus of the strain
sensor using the stress/strain graph. The Young's modulus is
a characteristic of the stretchable strain sensor that tells us
how easily it can stretch and deform and is defined as the
ratio of tensile stress (o) to tensile strain (¢).

Previous research® has used tensile tests to determine the
performance of various strain sensors. A crack-based strain
sensor with high sensitivity and superior durability was
developed for motion monitoring. The study used a tensile
test to evaluate the sensor's performance, with the crack area
proportion increasing rapidly from 16.9% to 48.8% as the
tensile strain increased from 30% to 300%. The stretching
and bending electromechanical behaviours of CCTSS were
performed on an electronic universal tensile testing machine
(UTM2203, Shenzhen Sun Technology Stock Co. Ltd) coupled
with a digit precision multimeter (Tektronix, DMM 4050). An
RST5200 electrochemical workstation (Suzhou Resitest
Electronic Co., Ltd., China) was used to test the current (I)-
voltage (V) relationship.

4.4. Cyclic test

A cyclic test for a strain sensor is a type of test used to
evaluate the performance of the sensor under repeated
loading and unloading cycles. The purpose of this test is to
determine the sensor's ability to withstand repeated strain
cycles without significant degradation in its performance.
The test involves applying a cyclic strain to the sensor and
measuring its response over a specified number of cycles.
The cyclic strain can be applied in various ways, such as
through the application of a cyclic load or a cyclic
displacement.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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It can be performed using various testing machines, such
as a tensile testing machine or electromechanical tester. The
testing machine can be programmed to apply a cyclic strain
with a specific cycle, strain and time taken to read the
electrical reading. The sensor's response can be measured
using various techniques, such as resistance measurement,
capacitance measurement, or optical measurement.

Previous research®® has used cyclic stretching tests to
determine the durability of strain sensors by evaluating their
response to repeated stretching and releasing cycles. A
developed practical strain sensor based on Ecoflex/graphene
was tested for mechanical durability by applying strains of
15% and 40% to the sensor for 1000 cycles. The loading of
tensile strain was performed using a universal testing
machine (Shimadzu AGS-X), and the electrical signals of the
strain sensor were recorded by a digital multimeter (GOGOL
DM3068). The study found that the sensor maintained its
response and stability throughout the cyclic tests, indicating
its mechanical robustness and reliability.

Another study®® conducted multi-cyclic stretching-
releasing tests to assess the reproducibility, stability,
durability, and reliability of the strain sensor for long-term
use. The repeatability was measured by performing 100
stretching-releasing cyclic tests of the strain sensor at a
tensile rate of 0.2 mm min " under a strain of 0.4%, 0.6%,
0.8% and 1%, respectively.

4.5. Signal latency test

The response and recovery time of a strain sensor refers to
the time required for the sensor to reach a certain variation
of resistance under a certain strain and to return to its
original state. A study on a wearable strain sensor based on
organohydrogel microsphere film reported a response and
recovery time of 0.147 s when subjected to a 10% strain.”*
The less the response and recovery time, the better the
sensor.

To evaluate the response time and relaxation time of a
strain sensor, several evaluation methods can be used. One
common method is to apply a strain to the sensor and
measure the time it takes for the sensor to respond to the
strain or until it reaches a stable state (Fig. 8). This can be
done by applying an instantaneous tension to the sensor and
measuring the time it takes for the sensor to reach a stable
state. For example, in a study®” on a fabric strain sensor, an

Stretch and hold until the
sensor reach a stable state

Relax state
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instantaneous tension was applied to the sensor at a speed of
6 mm s to a strain of 0.5%, and the response time was
measured as the time it took for the sensor to reach a stable
state.

4.6. Biocompatibility test

The biocompatibility of wearable strain sensors is an
important consideration for their use in healthcare and
biomedical applications. Thin film “plastic” strain sensors
can be mounted closely on textile clothing or human skin
comfortably to detect human activities without any harm to
the human body.”® A study assessed the biocompatibility of
wearable C/TPU/Tegaderm strain sensors by conducting cell
morphology and cell viability analysis, demonstrating their
biocompatibility for use in healthcare applications.”® The
100% cell viability indicated that the C/TPU/Tegaderm
materials used are safe for application to human skin.

A previous study®' performed the cytotoxicity test of
hydrogels using U87-MG glioblastoma cells (ATCC HTB-14)
cultured in Eagle's minimum essential medium (EMEM) with
10% fetal bovine serum (FBS) and 100 IU ml™" penicillin and
streptomycin and evaluated the cell viability using the trypan
blue method. Another study® used human embryonic kidney
cells (293FT cells) and human gastric epithelial cell line
(GES1 cells) and the cell proliferation assay for the
cytotoxicity test. Table 7 provides a list of methods that can
be used to assess biocompatibility. The trypan blue method
is a commonly used and widely accepted assay for assessing
cell viability and has been shown to be effective in a variety
of cell types, including HFF-1 cells. It is a relatively simple
and quick assay that can provide qualitative information
about the percentage of live and dead cells in a sample. In
the context of a strain sensor experiment with HFF-1 cells,
the trypan blue method may be a useful tool for assessing
the cytotoxicity or biocompatibility of the sensor material. By
comparing the percentage of live and dead cells in samples
exposed to the sensor material to control samples,
researchers can determine whether the material is causing
damage to the cells and evaluate its safety for potential
biomedical applications.

Rigorous testing methods are essential for assessing strain
sensor performance. Techniques such as cyclic stretching,
bending tests, stretch-to-failure tests, and washability
assessments ensure that sensors meet the required standards for

Release and hold
until the sensor
reach a stable state

—_—

Time taken for response time

Fig. 8 Signal latency test.
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Assay Process Advantage Disadvantage Ref.
Trypan blue Distinguish between e Simpler - requiring only a microscope  Qualitative rather than a 31 and 96
live and dead cells and a dye solution quantitative method
e Can be performed in 5 to 10 min
Cell proliferation =~ Measures the rate of More specific to the process of cell e Requires specialized equipment 95

cell division and growth

Measures the metabolic
activity of cells

MTT

division and can provide more detailed
information about the growth rate
and behaviour of cells

Simple and easy to perform, requiring a
microplate reader to measure the

and reagents

¢ Time-consuming - requires the cells

to be seeded and allowed to grow and
divide for a specific period before they

can be quantified

Does not distinguish between live and 97
dead cells

absorbance of the formazan product

sensitivity, durability, and reliability in real-world applications.
These evaluations are crucial for bridging the gap between
laboratory prototypes and commercially viable products,
highlighting the importance of standardized testing protocols in
the field.

Conclusions

In conclusion, the development of strain sensors with high
sensitivity, stretchability, durability, and biocompatibility is
crucial for their application in various fields, including
healthcare, sports, and robotics. This review paper has
discussed the fabrication techniques, shape designs, and
performance evaluation methods of strain sensors. Material
selection plays a critical role in strain sensor performance, and
various materials, such as carbon nanotubes, graphene, and
polymer composites, have been explored for their fabrication.
The strain sensor shape design, such as straight line, U-shape,
serpentine, and kirigami, also significantly impacts their
performance, and the appropriate shape design can enhance
their sensitivity, stretchability, and durability. Performance
evaluation methods, including washability, sensitivity, linearity,
bending test, test till failure, stretchability, durability, response
and recovery time, and biocompatibility, are essential to ensure
the reliability and safety of strain sensors. This review is a
valuable resource for researchers focusing on advancing the
design of new strain sensors, setting quality benchmarks,
optimizing sensor performance, and expanding the sensor
potential applications.
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