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Abstract: Standards for the fatigue testing of wearable sensing technologies are lacking. The major-

ity of published fatigue tests for wearable sensors are performed on proof-of-concept stretch sensors 

fabricated from a variety of materials. Due to their flexibility and stretchability, polymers are often 

used in the fabrication of wearable sensors. Other materials, including textiles, carbon nanotubes, 

graphene, and conductive metals or inks, may be used in conjunction with polymers to fabricate 

wearable sensors. Depending on the combination of the materials used, the fatigue behaviors of 

wearable sensors can vary. Additionally, fatigue testing methodologies for the sensors also vary, 

with most tests focusing only on the low-cycle fatigue (LCF) regime, and few sensors are cycled 

until failure or runout are achieved. Fatigue life predictions of wearable sensors are also lacking. 

These issues make direct comparisons of wearable sensors difficult. To facilitate direct comparisons 

of wearable sensors and to move proof-of-concept sensors from “bench to bedside,” fatigue testing 

standards should be established. Further, both high-cycle fatigue (HCF) and failure data are needed 

to determine the appropriateness in the use, modification, development, and validation of fatigue 

life prediction models and to further the understanding of how cracks initiate and propagate in 

wearable sensing technologies. 

Keywords: fatigue testing; cyclic testing; low-cycle fatigue; high-cycle fatigue; wearables; lead  

failure; stretch sensor; hysteresis; cyclic softening; fatigue testing standards 

 

1. Introduction 

Interest in wearable stretch sensors has increased due to their potential uses in med-

ical applications to monitor the health of a patient [1–10], to assess biomechanics, [11–21], 

and as drug delivery systems in pharmaceutical applications [22,23]. Wearable sensors 

may also have applications in athletics. [11,18,21,24–28], soft robotics [21,29,30], ergo-

nomic assessments [19] and deep space exploration [31]. This interest is especially timely 

as the SARS-CoV-2 (COVID-19) epidemic has led to decreased in-person office visits to 

medical professionals while concomitantly increasing the number of virtual visits via tel-
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emedical platforms [32–34]. The increased use of telemedicine has led to an increased in-

terest in the use of wearable sensors to monitor the health of patients outside of the clinical 

setting [18,35,36]. By 2022, over 1,000,000,000 wearables are expected to be in use globally 

[37], and although the opportunities provided by wearable sensors are recognized, few 

sensors have been formally validated [38], and research is still needed to determine the 

accuracy, interpretation, and applicability of the data provided by wearable sensors 

[38,39]. While many wearable sensor prototypes have been described for the previously 

mentioned applications, for these sensors to move from “bench to bedside,” standardized 

testing methods, including those that focus on the fatigue life of a wearable sensor, are 

needed [40]. 

Wearable sensing technology may be broadly defined as electronic devices embed-

ded within or worn upon the body that rely on sensors to capture and transmit data to an 

integrated display unit, a computer, or a smartphone [39,41–44]. Based on this definition, 

currently marketed wearable sensor technologies can be divided into internal sensors that 

are subcutaneously implanted in the body and external sensors that are worn on the body. 

Examples of the former include implantable cardioverter defibrillators (ICD), which sense 

cardiac depolarization [45–57]; implantable loop recorders, which are implantable electro-

cardiograms (EKG or ECG) [22,23]; and invasive continuous glucose monitors (CGM), 

which use a sensor embedded in the upper arm, abdomen, or gluteus to measure glucose 

levels from interstitial fluid [58,59], while examples of wearables that fall into the latter 

include smart watches, sleep and fitness trackers, or ECG sensors (Figure 1). Fatigue fail-

ures of wearables, such as ICDs, are widely recognized and result in significant morbidity 

and mortality [45–57]; therefore, understanding the electromechanical fatigue and failure 

properties of proposed wearable sensors is paramount in insuring patient safety. Alt-

hough such failures are recognized with internally implanted sensors, a lack of standard-

ized fatigue testing methods and validation studies [38,40], coupled with sensors fabri-

cated from varying materials, has led to a paucity of comparable data regarding the dura-

bility and accuracy of wearable sensors. Further, the fatigue testing of wearable sensors is 

confounded due to the need to predict not only the fatigue life of the materials comprising 

the sensor but also the fatigue life (stability) of the signal produced by the sensor. 

 

Figure 1. Examples of wearable sensing technologies. Wearable sensing technologies include inter-

nal (e.g., internal cardioverter-defibrillator and continuous glucose monitor) and external (e.g., 

smart watch, sleep/fitness tracking ring, and mobile electrocardiogram) wearable sensing technol-

ogies. 

2. Internal Wearable Sensing Technologies 

Internal wearable sensing technologies are fabricated from inert materials that do not 

elicit a bioreactive response upon implantation. Implantable materials include metals such 

as stainless steel and titanium, polymers such as polyethylene (PE) and polymethyl-

methacrylate (PMMA), and ceramics such as hydroxyapatite [60]. Within the United 

States, implanted medical devices, including ICDs, internal loop recorders, and CGMs, 
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which may also be considered wearable technologies, are regulated by the Food and Drug 

Administration (FDA) as Class III medical devices [61–63]. For internal wearable sensing 

technologies to receive FDA approval to enter the marketplace, the sensor must either 

receive Premarket Approval (PMA) by undergoing clinical trials to demonstrate its safety 

and efficacy, or the sensor may be cleared to enter the market by the Premarket Notifica-

tion 510(k) process which involves submitting premarket data to the FDA to show that 

the proposed internal sensor is “substantially equivalent” in both safety and efficiency to 

a sensor that did not require PMA approval and is already on the market [61–65]; how-

ever, “substantially equivalent” devices may be fabricated using both differing materials 

and differing mechanisms of action providing the safety profiles of the two devices are 

similar [61], but because of the variation in materials and mechanisms of action, testing 

standards that apply to one device do not necessarily correlate with the comparative de-

vice [61]. Further, incremental changes to medical devices initially approved by the PMA 

process may be submitted to the FDA for market clearance via a supplement that may not 

require clinical data [48,49], and underlying issues with the updated device may not be 

recognized until the device is in widespread use [61]. In contrast, the European Union has 

recently implemented regulations that require clinical evaluations for implantable medi-

cal devices throughout the lifespan of the device; therefore, clinical data is required from 

pre-market evaluations to post-market evaluations. Further, clinical data is required even 

in the case of incremental changes [66,67]. For example, in the United States, updated ICD 

leads can enter the marketplace through the use of a PMA supplement that does not in-

clude clinical data demonstrating the safety and efficacy of the updated lead; whereas, 

under the new regulations adopted by the European Union, the introduction of updated 

pacemaker leads requires clinical data that address the safety and efficacy of the lead 

[48,49,66,67]. Fatigue failures of ICD leads approved via PMA supplementation in the 

United States are common [45–57], but whether the new European Union regulations ei-

ther prevent the entry of such leads into the market or prevent adverse outcomes by the 

timely recognition of issues with the leads during post-market surveillance remains un-

clear [68]. 

ICD leads are typically comprised of either a low-voltage, nickel–cobalt–chromium–

molybdenum alloy coil conductor or a high-voltage, silver or platinum coil conductor that 

is coated with ethylene tetrafluoroethylene and poly-tetrafluoroethylene and housed 

within a silicone cylinder that also acts as insulation to separate the conductive cables 

from the electrode tips [53,69,70] (Figure 2). Leads are thin and flexible, ranging in diam-

eter from 2.1 to 2.87 mm, to navigate the vasculature and are inserted into the myocardium 

[69,71]. Electrodes at the tips of ICD leads act as sensors to recognize atrial and ventricular 

depolarizations [71]. Upon sensing a depolarization event, a signal is sent to the pulse 

generator, which contains a battery and a circuit board, where the signal is processed, 

allowing for both the detection and correction of abnormal heart rates and rhythms based 

on programmable thresholds [71]; therefore, ICD leads are critical sensing mechanisms, 

and preventing fatigue failures of the leads will prevent adverse patient outcomes. 

 

Figure 2. Simplified cross-section of an implantable cardioverter-defibrillator lead. 
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ICD leads are subjected to more than 100,000 cycles of flexure per day [53], and fa-

tigue failures of ICD leads may result in high impedance if the lead is fractured or low 

impedance if the insulation fails, causing the lead to short circuit [70]. Additionally, fa-

tigue failures of ICD leads may result in noise in the signal [54,55,57,70], inappropriate 

pacing [45,69], inappropriate defibrillation [45], the delivery of unnecessary shocks result-

ing from oversensing [45,46,50], or mortality [46,47], especially in a failure to detect ven-

tricular fibrillation [71]. 

Few published studies have assessed the fatigue life of ICD leads [72]; however, Alt-

man et al. [72] have noted that how the interaction between the coil and the individual 

wires comprising the coil affect the fatigue life of the lead is unknown and may require 

special consideration when evaluating fatiguing methods. Liu et al. [73] found that the 

stresses placed on the lead in vivo could be determined by applying classic mechanical 

principles to a model created from 3D images rendered from angiograms and argue that 

this method can facilitate fatigue-life predictions of the leads. Recently, due to the ongoing 

high incidence of failure, standard protocols for the fatigue testing of ICD leads have been 

proposed [74]. The proposed method involves the application of a buckling or a bending 

force at a rate of 5 Hz to 12 samples per four curvature amplitudes of 0.78 cm−1, 1.11 cm−1, 

2.12 cm−1, and 2.45 cm−1 (n = 48). All tests are performed at a temperature of 23 ± 5 °C. The 

first 1000 cycles are considered run-in, and testing is terminated upon failure of the lead 

or after the completion of 5,000,000 cycles. Disruption of electrical continuity or a 150% 

rise in the resistance over the initial resistance value constitutes failure [74]. While re-

searchers are working to standardize testing methodologies for some internal wearable 

sensors [74], fatigue testing methods for external wearable sensors are not standardized 

[40], and a variety of testing methodologies, rates, and cycling regimes have been reported 

in the fatigue testing of proposed wearable sensors [6,11–13,20,21,30,75–100]. 

3. External Wearable Sensing Technologies 

Many external wearable sensor “proofs-of-concept” have been proposed to monitor 

health [1–8,11–23], to act as drug delivery systems [2,22,23], or to improve athletic perfor-

mance [11,18,21,24–28]. Some of the proposed sensors have been subjected to fatigue test-

ing; however, the methods and materials used for testing have varied. Of those sensors 

subjected to fatigue testing, the majority have been wearable stretch sensors. For stretch 

sensors to be successfully implemented in such applications, the sensors should have four 

basic properties which include: (1) being flexible/stretchable, (2) exhibiting both a rapid 

response and recovery time (low electrical and mechanical hysteresis), (3) producing a 

linear relationship between strain and resistance with low electrical drift to prevent noise 

in the signal that may result from upwards or downwards changes between the base and 

the peak resistances across the intended life-cycle or use for the sensor [11,21,100–102], 

and (4) the sensors must be fatigue-resistant.  

To meet these desired properties, polymers including polytetrafluoroethylene 

(PTFE) [13], polyurethane acrylate (PUA) [80], polydimethylsiloxane (PDMS) 

[81,85,89,100], polyimide (PI) [82,83], poly(3,4-ethylenedioxythiophene) (PEDOT) 

[82,96,99], poly(styrenesulfonate) [82], silicone [88,90], thermoplastic urethane [99,103], 

ionogels [97], and hydrogels [21,91], knitted and woven textiles [76,90,95,98,104], overlock 

stitched textiles [78], conductive multifilaments that can be incorporated into textiles [92], 

polymer coated textiles [96], sensors embedded in apparel [12], carbon nanotubes (CNTs) 

[20,75,77,79,87,93,105], graphene [30,84,94,106], or combinations thereof are often used in 

conjunction with conductive materials.  

Most studies that assess the fatigue of wearable stress sensors employ high-ampli-

tude, low-cycle fatigue (LCF) of ≤ 10,000 cycles [107,108] that typically does not result in 

failure of the sensors [1,11–13,21,76,78–81,84,85,87–90,92–98,103,104]; therefore, the num-

ber of cycles to failure (Nf) are unknown. To reiterate, the purpose of such studies is to 

demonstrate “proof of concept” for a given sensor, not to necessarily identify the mechan-
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ical properties of the materials used in the fabrication of the sensor; however, for physio-

logically based applications, such as cardiovascular monitoring or measuring the typical 

range of motion for a joint, the sensors need to withstand low-amplitude, high-cycle fa-

tigue (HCF) [109]. For a stretch-sensor-based sports application example, in the United 

States, collegiate basketball players take an estimated 1260 running steps in a game [110]. 

Based on the 2019–2020 regular-season schedule of a National Collegiate Athletics Asso-

ciation (NCAA) Division I (D1) basketball team, a sensor would undergo approximately 

40,320 cycles across 32 games, which would increase with post-season play in the South-

eastern Conference (SEC) or NCAA tournaments. In contrast, soccer midfielders take ap-

proximately 8910 steps during a match [111], which, based on a 2019 NCAA D1 women’s 

soccer schedule of 20 games, would result in approximately 178,200 steps in a season.  

Ideally, given continuous cycling, the Nf of a material can be predicted by the strain–

life method. In the strain–life method, plastic strain is taken into account by the Coffin–

Manson equation (Equation (1)) [108,112,113], which can be used to predict LCF behavior. 

To predict HCF behavior, and to account for the elastic strain of a material, Basquin’s 

equation can be used given fully reversed loading of the material (Equation (2)) [108,114]; 

whereby the minimum and maximum stresses on the material alternate, or reverse, be-

tween equal values, but opposite signs (e.g., +1 in tension and −1 in compression) creating 

a sinusoidal stress pattern, such as what may occur when a stretch sensor is exposed to a 

bending load (Figures 3 and 4) [108,114]. By combining the Coffin–Manson and Basquin 

equations, the number of cycles to failure can be predicted (Equation (3)) [108,112–114]; 

however, few studies apply a true bending load to stretch sensors [80]. 
∆𝜀𝑝
2

= 𝜀𝑓
′(2𝑁𝑓)

𝑐 (1) 

∆𝜎

2
= 𝜎𝑎 = 𝜎𝑓

′(2𝑁𝑓)
𝑏 (2) 

𝛥𝜀

2
= 𝜀𝑎 =

𝛥𝜀𝑒
2

+
𝛥𝜀𝑝
2

=
𝜎𝑓
′

𝐸
(2𝑁𝑓)

𝑏 + 𝜀𝑓
′(2𝑁𝑓)

𝑐 (3) 

where: 
∆𝜎

2
 = the stress amplitude; 

Δ𝜀

2
 = the total strain amplitude; 

𝛥𝜀𝑒

2
 = the elastic strain amplitude; 

𝛥𝜀𝑝

2
 = the plastic strain amplitude; 

𝜀𝑓
′  = ductility coefficient of fatigue; 

c = ductility exponent of fatigue (slope of the plastic line); 

𝜎𝑓
′ = strength coefficient of fatigue; 

b = strength exponent of fatigue (slope of the elastic line); 

E = modulus of elasticity; 

𝑁𝑓 = number of cycles to failure. 

 

Figure 3. Sinusoidal pattern created by fully reversed loading. The sinusoidal pattern results from 

the alternation of tensile (reversal 1) and compressive (reversal 2) loading during cycling. 



Materials 2021, 14, 4070 6 of 27 
 

 

 

Figure 4. Example of a bending load. When a bending load is applied, the object experiences both 

tensile and compressive forces. During fully reversed cycling, the tensile and compressive forces 

alternate sides, resulting in the sinusoidal pattern observed in Figure 3. 

Further, the sensors would not be worn continuously throughout either the basket-

ball or soccer seasons, which theoretically allows the signal and the strain to recover when 

not in use, but sensors utilizing viscoelastic polymeric materials may experience a residual 

extension of the polymer following stretch and relaxation (permanent set) or permanent 

deformation after only a few cycles that may lead to crack propagation [82,89,115–118]. 

Additionally, sensors utilizing thermoplastic polymers may begin to incubate cracks in 

early cycles that propagate into microstructurally small cracks (MSC) in later cycles, which 

could further propagate into the long crack regime [119,120], resulting in a drift of the 

signal or catastrophic failure of the sensor. In coated piezoelectric textiles, interfacial 

debonding of the conductive materials and fabric could occur at some point, while textiles 

knitted with conductive filaments may experience residual loop stretch [95,104] or fiber 

pullout during cycling. Additionally, the material and electrical fatigue properties of the 

sensors can be affected by their loading histories and exhibit both time and strain depend-

ency [11,12,20,30,75,76,78–80,82–85,87,89–92,94–97,100,103]. These material properties are 

microstructurally driven, and without knowledge of the HCF properties of the sensors, 

the accuracy of applying the strain–life method and the true fatigue properties of the sen-

sors remain unclear. 

Both the Coffin–Manson equation (Equation (1)) and the Basquin equation (Equation 

(2)) were developed for metals [108,112–114]. For metals such as steel, as the number of 

fatigue cycles increases, a transition from the elastic regime into the plastic regime occurs, 

where failure results. As the microstructural characteristics of metals and metallics have 

been extensively studied, crack tip propagation, deflection, or arrest can be mathemati-

cally predicted. For example, given constant amplitude, fully reversed loading conditions, 

the elastic/plastic transition cycle for a metal or metallic material can be identified, and the 

combined Coffin–Manson–Basquin equation can be used to determine the fatigue life of 

metals and metallic materials [108,121–126]. Determining the transition from the elastic to 

plastic regimes for polymers is difficult, however, because the behavior of a polymer can 

vary due to its inherent viscoelasticity, chain length discrepancies, temperatures, and 

loading conditions that may initiate or inhibit relaxation or creep [127,128]; therefore, the 

use of the combined Coffin–Manson–Basquin equation (Equation (3)) may not accurately 

reflect such phenomena to predict the fatigue life of a polymer.  

Rather than focusing on the elastic-plastic transition, Rabinowitz and Beardmore 

[121] have identified four regimes of fatigue behavior for polymers: (1) an initial or incu-

bation regime where the response to the first cycle of loading remains unchanged, (2) a 

transition regime in which the peak stress declines, (3) a steady-state regime where the 

new stress–strain relationship is maintained over many cycles, and finally (4) the crack 

propagation to fracture regime in which the cross-sectional area of the polymer decreases 

per cycle even with the application of a constant peak stress. Essentially, regime I repre-

sents a monotonic overload, while regime II involves the disentanglement and breakage 



Materials 2021, 14, 4070 7 of 27 
 

 

of polymer chains resulting in cyclic softening. In regime III, the chains have disentangled 

and the microstructure has stabilized. At the end of regime III, cracks are initiated and the 

transition to stage IV results in long crack failure of the polymer. 

Traditionally, fracture mechanics have been applied to polymers to determine their 

fatigue lives, but fracture mechanics-based approaches only model long crack propaga-

tion (regime 4 of Rabinowitz and Beardmore [121]) and assume the presence of an inher-

ent flaw in the material [120,129]. Methods that singularly incorporate either the Coffin–

Manson equation or Basquin’s equation have been used to determine the fatigue life of 

polymers [120,129–133], but the Coffin–Manson equation, in particular, may more accu-

rately predict the fatigue life of a polymer versus fracture mechanics [120,129,132,134]. For 

example, the multistage fatigue (MSF) model developed by McDowell et al. [119] incor-

porates modified Coffin–Manson equation to predict the fatigue life for metals, but the 

model has also been validated for use in predicting the fatigue life of polymers including 

acrylonitrile butadiene styrene (ABS) copolymer and polycarbonate (PC) [120,129]. Addi-

tionally, the MSF model quantifies the regimes of Rabinowitz and Beardmore [121] and 

predicts fatigue life by summing the number of cycles (1) of crack incubation (2) in the 

microstructurally small crack (MSC) regime, and (3) in the long crack regime versus fo-

cusing only on the long crack regime as in fracture mechanics [120,129]. 

Further, a modified Coffin–Manson equation (Equations (4) and (5)) has also been 

developed specifically for stretchable interconnects [135]. Additionally, by elongating the 

stretchable interconnects at five different magnitudes using a constant strain rate, repeat-

ing the experiment five times, and averaging the elongation values, the electrical fatigue 

life of the interconnects was predicted using power-law fitting [135]; however, whether 

the modified Coffin–Manson equation could be combined with Basquin’s equation to de-

termine the total fatigue life of material was not investigated. 

𝑁𝑓 = 𝐶 ⋅ (Δ𝜀𝑝𝑙)
−𝑛

 (4) 
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Δ𝜀𝑝𝑙 =
√2

3
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2
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𝑝𝑙
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𝑝𝑙
− Δ𝜀𝑥

𝑝𝑙
)
2

+
3
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Δ𝛾𝑥𝑦
𝑝𝑙2

+ Δ𝛾𝑦𝑧
𝑝𝑙2

+ Δ𝛾𝑧𝑥
{𝑝𝑙2)

}
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1
2

 (5) 

C = fatigue ductility coefficient 

n = reciprocal of fatigue ductility exponent 

Equations and models that can be used to predict the fatigue life of a wearable sensor 

are underutilized, perhaps due to confusion regarding the applicability of an equation or 

model to a specific sensor. Ultimately, the determination of the appropriate equation or 

model for predicting the fatigue life of wearable sensors may depend on the loading con-

ditions used during testing [121,132]. Determining the amount of stretch needed to repli-

cate the physiological range of joint motion during mechanical testing is also difficult. As 

wearable stretch sensors sit atop the skin, Cataldi et al. [136] have argued that mechanical 

tests should be performed with the sensors stretched to a minimum of 20% strain, which 

is based on a study by Maiti et al. [137], who measured the skin surface tension of the 

volar forearm when moved from 90° flexion to 180° extension and found a 26% increase 

in the principal tensile strain. Although joint movements can be measured, cyclic tests that 

match the stretch of the sensor to the maximum range of motion (ROM) of a particular 

joint may underestimate the true fatigue life of the sensors; whereby, LCF testing de-

creases the time to the onset of plastic deformation [138–140]. For example, the polymers 

utilized in the fabrication of some stretch sensors may be subject to the Mullins effect [116–

118,141–145]. The Mullins effect occurs when a polymer is loaded in uniaxial tension. Ini-

tially, the material exhibits a stiff behavior, but during successive cycles, the hysteresis 

loops indicate the occurrence of cyclic softening. Cyclic softening is defined by a progres-

sive decrease in stress in response to repeated stretching to the same strain, which de-

creases the mechanical resistance of the material to deformation (Figure 5). The hysteresis 

may stabilize provided the strain level in the subsequent cycles does not surpass the strain 
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level reached in the initial cycle, but the softening is permanent. Further, the amount of 

softening experienced by the polymer is dependent upon both the pre-strain history and 

the maximum strain to which it is subjected; therefore, at higher strains, such as those 

produced by stretching to the maximum ROM for a joint, cyclic softening is more pro-

nounced [117,118,142,144,145], and may result in premature failure of the material com-

prising the sensor. 

Due to the variation in materials used to fabricate stretch sensors, the electromechan-

ical properties for the sensors also vary, which has led to different test methods and re-

sults. While the materials comprising the sensors may vary, the electrical resistance (R) 

and mechanical strain properties (ε) of the sensors can be correlated by calculating the 

gauge factor (GF), which measures the sensitivity (k) of the sensor (Equation (6)) [4,11–

13,18,20,30,75–77,80,84,85,88–100]. 

 

Figure 5. Theoretical example of hysteresis loops indicative of cyclic softening. Cyclic softening 

occurs when the peak stress of a material decreases with an increased number of cycles. 

𝑘 =

𝛥𝑅
𝑅0
𝛥𝑙
𝑙0

=

𝛥𝑅
𝑅0
𝜀

 (6) 

where: 

𝛥𝑅 = change in resistance; 

𝑅0 = initial resistance; 

𝛥𝑙 = change in length; 

𝑙0 = initial length. 

An increase in the ratio of the resistance to strain results in a concomitant increase in 

the sensitivity of the sensor. Further, the gauge factor may be positive or negative. A pos-

itive gauge factor indicates an increase in resistance when the sensor is stretched and a 

decrease in resistance when the sensor is relaxed, while a negative gauge factor indicates 

a decrease in resistance when the sensor is stretched and an increase in resistance when 

the sensor is relaxed [92]. As the sensitivities can vary widely depending upon the mate-

rials comprising the sensors, the choice of sensor to be used may not only depend on the 

reproducibility and sensitivity of the signal but may also be application-driven. 

Regardless of the materials used in their fabrication, stretch sensors can be defined 

as either capacitive, resistive, inductive, or having a transistor-like response based on their 

electrical properties [146], but for wearable applications, capacitive and resistive sensors 

are the most commonly used [18]. In general, capacitive sensors utilize an insulating ma-

terial for the sensing mechanism, while conductive or semi-conductive materials provide 

the sensing mechanism for resistive sensors [146]. 

Fatigue tests, for both capacitive and resistive sensors, involve multiple cycles of 

stretching and relaxation to identify whether changes in capacitance or resistance corre-

spond linearly with strain, the magnitude of capacitance or resistance changes, and the 

sensitivity. Each type of sensor has advantages and disadvantages regarding these elec-

trical properties [18,31,146,147]. Resistive sensors are easily fabricated and integrated into 

sensor arrays and tend to exhibit high linearity and sensitivity. Disadvantages of resistive 
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sensors include their sensitivity to fluctuations in temperature, non-linearity in the re-

sponse of the resistance to applied strain, an increase in drift over numerous cycles, and 

large hysteresis, which compromises the output [18,31,99,146]. Capacitive sensors are rel-

atively stable across a range of temperatures, exhibit relatively low amounts of hysteresis, 

and do not consume high amounts of power; however, they may be sensitive to electro-

magnetic interference [18,31,146,147]. 

Head-to-head comparisons of the fatigue resistance of the stretch sensors are also 

difficult due to the variety of materials used in in both the fabrication of the sensors and 

the testing methods employed to assess their fatigue properties. Commonly used materi-

als used to fabricate stretch sensors include polymers, piezoelectric textiles, and carbon 

nanotubes that are utilized in conjunction with polymers and piezoelectrical textiles, re-

sulting in varying stretch capacities, linearities, and sensitivities depending on the mate-

rial combinations (Supplement Table S1). 

3.1. Fatigue Properties of Polymeric Stretch Sensors 

As previously mentioned, Rabinowitz and Beardmore [121] defined four regimes to 

describe the fatigue behavior of polymers. In the initial or incubation regime, the polymer 

is loaded, while in the transition regime, the peak stress declines (i.e., cyclic softening). 

During the third steady-state regime, the polymer has adapted to the new stress–strain 

state, and this regime may be maintained for numerous cycles until cracks begin to de-

velop and the fourth regime, crack propagation to failure, ensues [121]. Depending on the 

loading history and the maximum strain applied, viscoelastic materials may undergo per-

manent set, cyclic softening, or microcracks can incubate and begin to propagate [117–

120]. In many materials, including metals, the elastic strain energy driving the microcrack 

can be dissipated via crack-tip blunting, which can result in arrest of the crack (Figure 6). 

 

Figure 6. Theoretical examples of crack tips. (A) A sharp crack tip promotes rapid propagation of 

the crack. (B) A blunt crack tip slows the propagation of the crack. 

Further, the area behind the crack-tip behaves elastically due to the offloading of the 

strain, and ahead of the crack-tip behaves plastically. While crack-tip-blunting is common 

in viscoelastic polymers, the elastic strain energy is dissipated by the actual propagation 

of the crack, which results in plastic deformation behind the crack-tip [115,148]. Addi-

tional research has shown that cracks in some viscoelastic polymers, such as silicone, can 

propagate sideways. In tension, cracks typically propagate orthogonal to the loading di-

rection, but when a crack-tip becomes blunt in some viscoelastic polymers, additional 

cracks propagate orthogonal to the initial crack. The sideways cracks help dissipate en-

ergy and eventually arrest, allowing the crack-tip to sustain the applied load; therefore, 

the area ahead of the crack-tip remains elastic, allowing for further stretching of the poly-

mer. Sideways cracks were noted to occur in thick samples that underwent tensile testing 

at low strain rates [148]. Currently, whether other viscoelastic polymers undergo side-

ways cracking or if the sideways cracks help to extend the fatigue life of such polymers is 

unknown. Due to their sustained stretchability, viscoelastic polymers are often used in the 
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fabrication of stretch sensors [18]. For example, polymers serve as substrates for thin-film 

sensors, and polymer tubing and plates are used to house the ionic liquids used in micro-

fluidic sensors. Additionally, the electromechanical properties of hydrogels are being in-

vestigated to determine the feasibility of their use as wearable sensors [21,91,97]. 

3.1.1. Polymer Substrates 

Thin films comprised of conductive materials have been tested for their potential use 

as stretch sensors. To improve their stretchability and durability, polymers are often used 

as substrates for thin films [11,18,80,85,100]. Under tensile loading conditions, microcracks 

in the film stretch, and when relaxed, the cracks contract, resulting in a change in the elec-

trical resistance which serves as a proxy for strain [11,80,85]. Initially, the change in re-

sistance follows the overlap model. In the overlap model (i.e., gap-bridging), the edges of 

the microcracks formed in the thin film are proximal enough to one another to maintain 

the current [80]. As the microcracks enlarge with subsequent cycling, the resistance in-

creases due to the tunneling effect [100]. The tunneling effect occurs when the current 

continues to flow between steps that form at the edges of the microcracks and continues 

until the microcrack propagates into a long crack that results in complete separation of 

the film [85,119,149]. To cyclically stretch the film without inducing plasticity within the 

film, either a polymer-based substrate or matrix is utilized because, in addition to their 

viscoelastic properties, polymer substrates and matrices prevent the occurrence of local 

strain concentrations within the thin film that could cause the film to fail 

[11,18,85,100,109]. 

For example, using bioinspiration, Kang et al. [80] fabricated a sensor comprised of a 

platinum (Pt) thin film atop a polyurethane acrylate (PUA) substrate. Based upon the 

strain-sensing crack-shaped slit organ of the spider, the Pt film was bent in a controlled 

manner to produce cracks with a zig–zag morphology that facilitated gap-bridging; how-

ever, even with no strain applied, an approximately 5 nm gap remained between the edges 

of the crack. Using a strain rate of 0.1 mm/min, the sensors were subjected to 5000 tensile 

cycles tested at one of two maximum strains, either 0.5% or 2% at a rate of 0.1 mm/min. 

Sensors tested to a maximum strain of 0.5% exhibited relatively stable resistance for 1000 

cycles, after which the resistance began a downward drift; whereas, sensors tested to a 

maximum strain of 2% exhibited relatively stable resistance for 500 cycles before the re-

sistance began to drift downward. While the resistance exhibited strain and time depend-

ence, the sensor exhibited high sensitivity with a gauge factor of 2079 at strains up to 2% 

[80]. 

Due to its stretchability, elasticity, and modulus match with human skin, polydime-

thylsiloxane (PDMS) is one of the most commonly used polymers in the fabrication of 

stretch sensors [11,75,81,85,89,100,140,150–160]. Lee et al. [11], Yang et al. [85], and Zou et 

al. [100] have each fabricated a stretch sensor comprised of a thin film that utilizes a PDMS 

substrate. Lee et al. [11] performed fatigue tests on a strain sensor comprised of a thin film 

of silver nanoparticles on PDMS, while both Yang et al. [85] and Zou et al. [100] utilized 

gold thin films in their stretch sensors. Each of the studies involved 1,000 cycles of stretch 

and release, but sample dimensions and maximum stretches differed [11,85,100]. 

The sensor fabricated by Lee et al. [11] utilized silver nanoparticles as the conductive 

material and was tested at a strain rate of ±2.5%/s for 8000 s with a 10% maximum strain. 

The maximum change in normalized resistance during fatiguing was measured as 0.24 Ω. 

Further, to determine the amount of drift incurred by the sensors, a strain rate of 10% was 

applied to the sensors for 10 min in one test and then for 60 min in another. Both tests 

were performed at a 10% constant strain. In the 10 min test, drift was measured at 1%, 

while drift was measured at 1.5% in the 60 min test. A maximum gauge factor of 2.05 at 

20% strain was calculated for the sensor [11]. 

The gold thin-film sensor of Yang et al. [85] was strained to a maximum of 5%, and a 

maximum gauge factor of 5000 was obtained between 0.7% and 1.0% strain. Resistance 
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varied throughout the cycling, indicating that the resistance was time and strain-depend-

ent. Further, the sensor experienced 20% drift during cycling [85]. Conversely, the gold 

film sensor fabricated by Zou et al. [100] also included a wavy graphene oxide layer that 

was overlain by the gold thin film. The sensor was exposed to a varying 19–25% strain 

during the 1000 cycles. Changes in resistance were induced by the formation and closure 

of microcracks on the graphene oxide layer. A maximum gauge factor of 2585 at 60% strain 

was calculated for the sensor. Similar to the gold thin-film sensor of Yang et al. [85], the 

sensor of Zou et al. [100] also experienced a 20% drift of the resistance. 

A thin-film-based sensor has also been fabricated by embedding silver nanowires 

(AgNW) into a colorless polyimide (cPI) to create a thin-film sensor supported by a poly-

mer substrate [83]. This sensor was subjected to 100,000 tensile cycles at a rate of 0.3 Hz, 

reaching a maximum strain of 2%, but instead of stretching, the sensor was bent, and the 

response of the outer bending edge was evaluated. The resistance consistently rose 

throughout the cycling, and after 100,000 cycles, the resistance had drifted 40%, which 

possibly resulted from the pullout of the AgNW from the cPI [83]. 

Similar to Lee et al. [11], silver nanoparticles also served as the conductive material 

in a sensor fabricated by Borghetti et al. [82]; however, the silver nanoparticles were 

printed via inkjet onto a polyimide (PI) substrate. Initially, the silver nanoparticle/PI sen-

sor was subjected to 60 tensile cycles of 1% strain at a rate of 5.7%/min. Subsequently, the 

cycling was repeated on the same sensor at 1.5%, 2%, 2.5%, and 3% strain. The subsequent 

strains correspond to rates of 11.4%/min, 17.1%/min, 22%/min, and 34.3%/min, respec-

tively. Each 60-cycle set was separated by a 10 min interval. As the number of cycles in-

creased, the resistance decreased, and this trend was pronounced at higher strain ampli-

tudes. The opposite trend was noted for the gauge factor, where the gauge factor increased 

concomitantly with both the number of cycles and the strain amplitude; therefore, at low 

strain amplitudes, the silver nanoparticle/PI sensor exhibited reduced sensitivity. The au-

thors also note that the sensor was unable to fully recover from the applied strain [82], 

indicating the presence of residual strain in the PI. 

In addition to PDMS, silicone, and PI, thermoplastic polyurethane (TPU) has also 

been utilized as a substrate and matrix for conductive materials. For example, Jun et al. 

[103] deposited AgNW onto one face of a TPU film to create a strain sensor. Using a max-

imum strain of 30%, the sensor was subjected to 1000 stretch/relaxation cycles at a strain 

rate of 0.25 mm s−1. Similar to Zheng et al. [89], the viscoelasticity of the TPU caused insta-

bility in the resistance. Between cycles 0 to 100, the resistance rose sharply with stretching, 

and after 100 cycles, the resistance somewhat leveled, but continued to slowly rise until 

exhibiting linearity between cycles 600 and 900. After 900 cycles, the resistance again be-

gan to drift upward. In addition to the viscoelasticity of the TPU, the authors note that 

buckling of the AgNW occurred, which further introduced instability in the resistance and 

suggests that by depositing the AgNW on both faces of the film, the buckling would be 

prevented [103]. 

Losaria and Yim [99] have created a strain sensor that utilizes TPU as a matrix to 

embed a strain sensor coated in poly(3,4-ethylenedioxythiophene) (PEDOT) and doped 

with 7 wt. % iron (III) p-toluenesulfonate (FTS). The PEDOT/TPU sensors were subjected 

to 1000 tensile cycles at a strain rate of 10 mm/min reaching a maximum strain of 10%. 

Over the duration of the 1000 cycles, the change in resistance was held constant, and the 

sensors exhibited little hysteresis. Additionally, a gauge factor of >10 at 100% strain was 

calculated for the sensor [99]. 

3.1.2. Polymer Housing 

Sensors based on the use of ionic liquids as a sensor take advantage of the Poisson’s 

ratio of polymer-based tubes. As the polymer tube is stretched, its cross-sectional area 

decreases, deforming the liquid. As the cross-sectional area decreases and the liquids are 

deformed, a change in resistance occurs [17]. Both Matsuzaki and Tabayashi [71] and 
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Keulemans et al. [88] have utilized these mechanical properties to fabricate ionic-liquid-

based sensors housed in silicone tubing. 

An ionic liquid comprised of Gallium, Indium, and Tin (GaInSn) was utilized in the 

sensor fabricated by Matsuzaki and Tabayashi [81]. The sensor was cycled from 0% to 30% 

strain 20 times at a rate of 10 mm min−1 and exhibited little hysteresis, resulting in a linear 

resistance. Keulemans et al. [88] utilized the ionic liquid 1-butyl-1-methylpyrrolidinium 

bis (trifluoromethylsulfonyl) imide ([BMPyr][NTf2]) in the fabrication of a sensor. This 

sensor was subjected to several tensile tests, including stretching in 1 mm increments until 

10 mm of displacement was achieved. At 10 mm displacement, the sensor failed, having 

stretched to 400% its original channel length of 2.5 mm. The sensors exhibited a linear 

response at an average gauge factor of 1.99 at strains ≤ 40% and were sensitive within a 

10–25 kHz range. Hysteresis was examined by subjecting the sensor to 40 cycles of stretch-

ing to 200%. Initially, the sensor exhibited a large hysteresis of 59% of full scale, but the 

hysteresis somewhat stabilized after 20 cycles, dropping to 7% of full scale [88]; however, 

based on the hysteresis curves, the sensor was beginning to undergo cyclic softening.  

In addition to tubing, plates comprised of silicone have been utilized to encase ionic 

liquids. For example, Choi et al. [13] created a sensor comprised of a rectangular silicone 

channel with wavy internal sidewalls that housed a mixture of ethylene glycol (EG) and 

sodium chloride (NaCl). Using a strain rate of 10% s−1, sensors were tested at a maximum 

strain of either 100%, 200%, or 300%. The sensor tested at 100% withstood 10,000 cycles, 

while the sensor tested at 200% maximum strain withstood 5000 cycles. Finally, the sensor 

tested at a strain of 300% withstood 3000 cycles. Linearity of the resistance was maintained 

across all cycles at all maximum strains tested. A gauge factor of 4 was recorded at 250% 

strain [13], suggesting that the sensitivity of the sensor increased at increased strains. 

3.1.3. Hydrogels and Ionogels 

Hydrogels have also been proposed for use as stretch sensors. While hydrogels have 

the advantages of good conductivity, high stretchability, and quick recovery, the mechan-

ical properties and fatigue resistance of some hydrogels are not ideal for long-term sens-

ing applications. The mechanical properties of hydrogels depend on both their chemical 

constituents and method of polymerization [21]. To improve their mechanical properties, 

a dual-physically cross-linked double network has been proposed. Specifically, a hydro-

phobically associated polyacrylamide-hollow latex particles/alginate–calcium (HPAAm-

HLPs/Alginate-Ca2+) hydrogel was subjected to 10 tensile cycles at a crosshead speed of 

80 mm/min. The hydrogel was stretched 200%, 400%, 600%, 800%, and 1000%, exhibiting 

a rapid recovery time, and the authors argue that the hydrogel also exhibited good fatigue 

resistance; however, a maximum stress of ~320 kPa was obtained in the first cycle, but by 

the tenth cycle, a maximum stress of only ~250 kPa was obtained [21], indicating that the 

hydrogel was susceptible to cyclic softening.  

The strain dependence of hydrogels was illustrated in fatigue tests performed on 

polypyrrole/PAAm hydrogels fabricated by Chen et al. [91]. Each hydrogel was exposed 

to one of three maximum strains: 200%, 400%, or 800%. At the strain of 200%, the hydrogel 

was still intact after 15,000 cycles; however, as the maximum strain was increased, Nf de-

creased. The sensor stretched 400% failed after 5,000 cycles, and the sensor stretched to 

800% failed after only four cycles. Additionally, the resistance remained linear between 

0% and 200% strain, but at higher strains, the resistance began to drift [91]. 

While typically used for applications such as energy storage [74], ionogels are being 

investigated for their potential use as stretch sensors [97]. The fatigue properties of a poly 

(acrylic acid) (PAA) hydrogel immersed in the ionic liquid, 1-ethyl-3-methylimidazolium 

dicyanamide ([EMIm] [DCA]), were investigated by stretching the resultant ionogel to a 

maximum of 100% strain over 1400 cycles at a strain rate of 20 mm/min. While the sensi-

tivity increased with increasing strain, the resistance fluctuated during cycling [97]. 
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3.2. Fatigue Properties of Piezoelectric Textiles 

Numerous studies have focused on the potential use of piezoelectric fabrics or tex-

tiles as wearable strain sensors. A piezoelectric textile can be produced by weaving, em-

broidering, or knitting conductive fibers into the textile [76] or by coating the textile in a 

conductive coating. Similar to sensors utilizing polymer-based tubes, the Poisson’s ratio 

of textiles is utilized to create changes in the resistance when stretched. Additionally, as 

with polymer-based sensors, the mechanical properties of wearable strain sensors can 

vary based on the fabric substrate chosen for the sensor [78]. The Poisson’s ratio and elec-

tromechanical properties of textiles are dependent upon their tightness factor, which is 

based upon the interlocking loop length used in the textile (Equation (7)) [76].  

√𝑇𝑒𝑥

𝑙
 (7) 

where: 

Tex = linear density of fibers ; 

l = loop length. 

Further, the tightness of a fabric also affects its contact resistance which can be deter-

mined through a modified version of Holm’s contact theory equation (Equation (8)) 

[15,76,95,161]. Typically, higher tightness factors occur in fabrics with a high density of 

interlocked loop columns (wales) and rows (courses) which decreases the spacing be-

tween wales and courses while concomitantly increasing contact pressure and contact 

points between the two. Higher contact pressure results in lower resistance, but when the 

textile is stretched, the contact pressure and contact points decrease, increasing the re-

sistance allowing the textile to act as a strain sensor [76]. 

𝑅𝑐 =
𝜌𝑐
2
√
𝜋𝐻

𝑛𝑃
 (8) 

where: 

𝑅𝑐 = contact resistance; 

𝜌𝑐 = contact electrical resistivity; 

𝜋 = mathematical constant; 

𝐻 = material hardness; 

𝑛 = number of contact points; 

𝑃 = contact pressure. 

3.2.1. Conductive Fibers 

To examine the effect of the tightness factor on the electromechanical properties of 

strain-sensing fabrics, Atalay et al. [76] knitted silver-plated nylon yarn into a textile using 

three different configurations. The first fabric utilized 800 decitex elastomeric yarns knit-

ted at a tension of 0.125 cN/Tex, resulting in a tightness factor of 1.84. While the second 

fabric also utilized 800 decitex elastomeric yarns, the yarns were knitted at a tension of 

0.062 cN/Tex, which resulted in a tightness factor of 1.43. The third fabric utilized 570 

decitex elastomeric yarns knitted to a tension of 0.125 cN/Tex and had a tightness factor 

of 2.17. Each fabric was strained 40% and held for 2 minutes, then released to 0% strain 

and held for 2 additional minutes before being subjected to 1000 tensile cycles at a maxi-

mum strain of 40% using a strain rate of 120 mm/min. The resistance remained stable 

throughout the 1000 cycles with minimal drift; however, when the strain level remains 

constant, the higher tightness factor of fabrics 1 and 3 was found to increase error in the 

resistance when the fabric was relaxed. Each fabric also had varying gauge factors. The 

gauge factor for fabric 1 was calculated as ~3.75 for strains less than 19%, and 2.16 at strains 

between 19% and 40%, while fabric 2 had a gauge factor of 4.3 below 9% strain, and 0.9 at 

strains between 9% and 40%. Finally, fabric 3 had a gauge factor of 0.75 across the entire 

applied strain range of 0% to 40% [76]. Based on the gauge factors, as the strain increased 
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in fabrics 1 and 2, the sensitivity of the sensor decreased, indicating the capacitance exhib-

ited strain dependence. 

A common process of knitting piezoelectric fabrics involves the looped-conductor 

method. In this method, conductive threads are knitted to form rows of connected loops 

within the textile [78]. When a tensile force is applied parallel to the rows, the loops are 

stretched, increasing the resistance. Conversely, when the force is released, the loops re-

turn to their original state, and the resistance decreases [14,78]. The looped-conductor 

method has been used by Gioberto and Dunne [78] to integrate silver-coated nylon 

threads into either 100% polyester jersey knit, 60% cotton/40% polyester jersey knit, 94% 

cotton/6% spandex jersey knit, 90% polyester/10% spandex jersey knit, or 82% nylon/18% 

spandex jersey knit. All samples were stretched 40% and relaxed over 18 cycles, and each 

sample exhibited linear behavior. Of the five samples tested, the 90% polyester/10% span-

dex jersey knit exhibited the highest electrical resistance, and the 60% cotton/40% polyes-

ter jersey knit the least. In terms of maximum stretchability, the 82% nylon/18% spandex 

jersey knit exhibited the highest amount of stretch, while the 90% polyester/10% spandex 

jersey knit exhibited the least amount of stretch. The 90% polyester/10% spandex jersey 

knit also exhibited the highest hysteresis, and the 100% polyester jersey knit along with 

the cotton/40% polyester jersey knit both exhibited the lowest hysteresis [78]. 

Individual multifilaments constructed of polyurethane/poly (PEDOT: poly(sty-

renesulfonate)) (PU/PEDOT:PSS) knitted into a 15 cm × 10 cm textile swatches have also 

been subjected to cyclic tensile testing to determine their feasibility as strain sensors [92]. 

First, individual multifilaments were stretched until failure, resulting in a modulus of 

142.8 MPa, a tensile strength of 76.3 MPa, a breaking strain of 414.8%, and a toughness of 

145.3 MJ m−3. Based on the results of the monotonic tests, the knitted textiles were 

stretched and relaxed at a strain rate of 20 mm min−1 for 500 cycles. The resistance re-

mained stable throughout the 500 cycles with no material failure [92]. 

Fibers constructed of AISI 316L (low-carbon) stainless steel and polyester were knit-

ted into one of four jersey fabrics with varying wales, courses, stitch densities, and loop 

lengths to create stretch sensors [95,104]. Each sensor was subjected to six total tensile 

tests. First, following a resting period of 20 h, the sensor was preconditioned for 250 cycles 

at a strain rate of 9.6 mm/s and a current of 1 mA. Next, the sensor was allowed to rest for 

5 minutes before being subjected to an additional 250 cycles at the same strain rate and 

current. These testing conditions were then repeated twice, changing only the current 

used, for a total of three tests. In the first repeated test, the current was raised to 3 mA, 

and in the second repeated test, the current was raised to 6 mA. The entire testing process 

was then repeated at a strain rate of 12 mm/s resulting in an additional three tests for a 

total of six tests per sensor. In general, as the sensors were relaxed to 0% strain, the loops 

in the fabric remained stretched and required a longer period for the resistance to recover 

during the preconditioning phase. During the post-conditioning cycling, fewer cycles 

were necessary to stabilize the resistance. Additionally, recovery time for the resistance 

was reduced at the higher strain rate of 12 mm/s irrespective of the current applied. Fi-

nally, as the number of cycles increased, the fabrics began to loosen, resulting in a decrease 

in the gauge factor [95,104]. The results of these tests are, however, not unexpected as 

sensors may require a “break-in” time for the resistance to stabilize [80,103]. Further, the 

316L SS/polyester/jersey fabric sensor utilized in the study seemed to be subject to the 

effects of residual strain as the fabric was described as loosening as the number of cycles 

increased while concomitantly decreasing the sensitivity of the sensor. 

Similarly, knit stretch sensors composed of either a 72% nylon/28% spandex/propri-

etary conductive polymer, a silver-plated yarn, or a spun stainless-steel yarn were sewn 

into various fabrics and fatigue tested to determine their feasibility in measuring the 

movements of the elbows of dancers [98]. To determine the extension value for testing the 

fabrics, the maximum length of the bent elbow was measured on three people, resulting 

in a mean value of 60 mm. Each test began with the sample under 10% strain. Samples 

were then stretched from 110 mm to 170 mm and relaxed at a speed of 6 mm/s for 100 
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cycles [98]. Using the results of the tests, Liang et al. [98] fit a line to the tensile and the 

relaxation portions, respectively, of the aggregated cyclic curves for each fabric and cal-

culated the root mean square error (RMSE) of each line. The difference between the error 

of the lines was then compared to the average error of the sensor to determine the initia-

tion of fatigue into the sample. The higher the error, the more inaccurate the sensor is 

considered to be in its measurements of movement. Error for most of the samples stabi-

lized after 10–20 cycles; however, error tended to increase for most of the sensors after 75 

cycles. Four samples, which included a 100% silver-plated yarn sensor, a silver-plated 

yarn/100% nylon sensor, a spun stainless steel yarn sensor, and a spun stainless-steel 

yarn/100% nylon sensor, exhibited fluctuating error values that remained unstable until 

the samples began to fatigue at 80 cycles. Two of the silver-plated sensors, one comprised 

of 35% silver fiber/40% cotton/25% polyester knitted in a double bed interlock, and the 

other comprised of 100% silver fiber in a single bed jersey knit, exhibited no signs of fa-

tigue after 100 cycles [98]. 

In a fusion of polymers and fabrics, silicone has also been interdigitated with a silver-

plated nylon/elastomer blend to create a strain sensor with a gauge factor of 0.83. The 

sensor underwent 500 tensile cycles at a maximum strain of 50%, and the capacitance ex-

perienced 2.9% drift [90]. 

3.2.2. Conductively Coated Textiles 

Strain sensors utilizing a conductive fabric created through a coating of polypyrrole 

were subjected to 1200 tensile cycles to examine their potential use to gather movement 

data when placed in a glove worn by patients with rheumatoid arthritis [12]. Samples 

underwent sinusoidal movements from an amplitude of 1 mm to 5 mm at a frequency of 

0.25 Hz. Following the initial calibration, a linear relationship between resistance and 

stretch was found, but resistance decreased from 43 kΩ during the first cycle to 30 kΩ in 

the last cycle [12]. 

A textile comprised of 95% modal/5% spandex and coated with poly(3,4-ethylenedi-

oxythiophene) (PEDOT) underwent 500 cycles of stretch/release at 20% strain to deter-

mine its suitability as a strain sensor [96]. Consistency between the strain and resistance 

profiles over the 500 cycles was noted with a resistance of 0.3 kΩ obtained when stretched 

to 20% strain and a resistance of 10 kΩ obtained when unloaded (0% strain). An optimal 

gauge factor of 54 was found at 1.5% strain. Additionally, based on scanning electron mi-

croscopy (SEM) images taken after the testing, the PEDOT coating remained intact [96]. 

Similar to Atalay [90], Yokus et al. [86] have also fused polymers and fabrics to fabri-

cate a stretch sensor; however, instead of utilizing conductive fibers, Yokus et al. [86] uti-

lized a conductive ink printed onto a TPU substrate. Specifically, the construction of the 

sensor incorporated an 87% polyester/13% spandex fabric overlain by a film of TPU. The 

Ag/AgCl conductive ink was printed in a meandering pattern on top of the TPU film, and 

the printed pattern was then encapsulated in an additional TPU film. The fabric/TPU/con-

ductive ink sensor was subjected to 1000 tensile cycles at a strain rate of 10.16 cm/min. A 

pre-strain of 10% was applied to the sensor, and a maximum strain of 10% was utilized 

during the cycling. The resistance of the sensor experienced upward drift and plateaued 

near the end of the 1000 cycles as the resistance of the Ag/AgCl ink began to decrease [86]. 

3.2.3. Fabric Substrates 

Stretch sensors such as the StretchSense™ StretchFABRIC sensor are affixed to a fab-

ric substrate to allow for integration into textiles (Figure 7). The majority of fabrics utilized 

for wearable stretch sensor substrates are based on synthetic polymers due to their 

strength, stretchability, and moisture-wicking properties [12,30,76,78,86,90,92,95,162–

164]. Additionally, polymer-based yarns, such as spandex and LYCRA®, have been used 

as substrates for polymer-based stretch sensors to serve a deliberate purpose—strain lim-

itation [165,166]—to prevent a monotonic overload of the sensor. While stretchability is 

necessary for strain sensors to be able to signal, repeatedly applying or removing the 
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strain sensor could result in an extensive stretch that could damage the sensor; therefore, 

by adding a fabric substrate, the amount of stretch that can be achieved by the sensor is 

limited by its fabric substrate, reducing potential damage to the sensor during application 

or removal [165,166]. 

 

Figure 7. StretchSense™ StretchFABRIC sensor hasa fabric substrate. The polymer housing that 

protects the sensor is affixed to the substrate via an adhesive. 

Cotton is an especially attractive option for wearable medical and telehealth sensors 

because cotton is hypoallergenic [167], ecofriendly [168–170], lightweight [170], cost-effi-

cient [168,170,171], sustainable [168], and easily laundered [169,171]. In addition to these 

properties, cotton serves as a “blank canvas” that may be treated with antimicrobial 

agents—a property that is desirable when monitoring wound healing [167,172–179]. 

While cotton has potential for use in wearable sensors, cotton as a substrate has some 

drawbacks. Specifically, cotton fibers lack natural wicking properties, stretchability, and 

strength in comparison to synthetic fibers [78,162,170,180]. Additionally, at stretches in 

excess of 10%, cotton may incur permanent deformation of its loop structure [180]. Con-

versely, synthetic fabrics, such as spandex, still maintain their loop structures for 30% 

stretch [180]. Finally, cotton does not exhibit the tensile strength or elasticity of synthetic 

fibers such as nylon [164,170]. Such drawbacks, however, are generally based on the use 

of cotton in sportswear or in stretch sensing applications, but cotton fabrics have been 

used as substrates for health care monitoring. For example, because of its low price point, 

flexibility, launderability, and light weight, cotton has been used as a substrate for differ-

ent wearable electrocardiograms [181–186]. 

If a stretch sensor is to be affixed to a fabric substrate, the intended use of the sensor 

and fatigue properties of the substrate should also be considered. While fabric substrates 

may be purposefully used to limit the tensile strains placed on a stretch sensor [165,166], 

such limitation may not always be desirable, and repeated cycling of the stretch sensor 

may result in a failure of the fabric substrate [187]. 

3.3. Fatigue Properties of Carbon Nanotube Stretch Sensors and Graphene Stretch Sensors 

Due to their inherent conductivities and stretchabilities, CNTs and graphene are at-

tractive options for use in stretch sensors. As with polymers and fabrics, both CNT- and 

graphene-based sensors also use Poisson’s ratio to induce changes in the conductivity of 

the sensors. Initially, applied strain causes the conductive network created by CNTs to 

deform or break, creating islands and gaps, which may be spanned by some CNTs, in the 

network, increasing the resistance. As the strain is removed, the conductive network re-

organizes and resistance decreases. Eventually, the reorganized network stabilizes, allow-

ing the resistance/capacitance to also stabilize; therefore, sensors utilizing CNTs may re-

quire a break-in period to stabilize the electromechanical response [75,87,188]. Similarly, 
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graphene-based sensors utilize a connection–disconnection property to effect conductive 

changes. At 0% strain, the graphene sheets overlap and are in contact with one another, 

but when a strain is applied, the graphene sheets become disconnected, and the resistance 

increases [147]. One major drawback of using CNTs and graphene should be noted—both 

are toxic. CNTs are toxic, carcinogenic, teratogenic, and embryolethal [189], while expo-

sure to graphene can result in the disruption of cellular processes and pathways, including 

the production an inflammatory response, the damaging of DNA, and the induction of 

apoptosis [190]. 

3.3.1. CNTs with Polymer Substrates 

PDMS has also served as a substrate for CNT-based sensors. For example, a single-

wall carbon nanotube (SWCNT) thin-film strain sensor fabricated by Yamada et al. [75] 

utilized a PDMS substrate. A maximum gauge factor of 0.06 was recovered for the sensor 

at strains between 60% and 200%. Three sensors were fatigued at a strain rate of 6 mm s−1. 

Sensor 1 was tested at a maximum strain of 100%, while Sensor 2 was strained to 150%, 

and finally, Sensor 3 was strained to 200%. Sensors 1 and 2 completed 10,000 cycles, but 

Sensor 3 completed only 3300 cycles due to a catastrophic failure of the PDMS substrate. 

A drift of 6% was reported for the resistance [75]. 

Zheng et al. [89] have also fabricated both a CNT sensor and a carbon black (CB) 

sensor that utilize a PDMS matrix. Each sensor was subjected to 100 cycles of tension/re-

laxation at a maximum strain of 10% using a rate of 0.033 Hz. The gauge factor for the 

CB/PDMS sensor was higher (15.75 to 10% strain) than that of the CNT/PDMS sensor (4.36 

to 10% strain). Additionally, the resistance for both sensors exhibited drift, and the authors 

note that the resistance never returned to its initial value when relaxed to 0% strain due 

to the destruction of the connective networks within the sensor and the viscoelastic be-

havior of the PDMS [89]. 

A sensor comprised of entangled SWCNTs wrapped in a thermoplastic elastomer to 

create a coaxial fiber has been examined for its use as a strain sensor that can be incorpo-

rated into textiles [93]. Similar to film-based sensors, microcrack formation of the carbon 

nanotubes during loading results in a change in the resistance. Using an Instron 5944, the 

sensor was subjected to 3250 tensile cycles (tension/relaxation) ranging from 20 to 100% 

strain at a strain rate of 400 mm/min−1. Resistance remained stable over the 3250 cycles, 

peaking at ~5 × 106 Ω/cycle when stretched to 100% strain. A gauge factor of 48 was calcu-

lated for 0–5% strain, and at 20–100% strain, a gauge factor of 425 was calculated. Hyste-

resis loops were also presented, but only for five tensile cycles ranging from 0 to 100% 

strain. The hysteresis for the five cycles was stable [93]. 

Silicone was utilized as a substrate for a thin-film sensor comprised of both single- 

and double-walled carbon nanotubes (CNT) [77]. Similar to the sensor tests performed by 

Yamada et al. [75], Cui et al. [77] performed three fatigue tests on their sensors at a strain 

rate of 10 mm/s, but the sensors were cycled to failure. In one test, the sensor was stretched 

to a maximum of 100%, and in another test, the sensor was stretched to 150%. The final 

test involved stretching the sensor 200%. In each of the three tests, a “step and hold” test 

was performed every 1000 cycles, whereby the sensor was strained to the maximum 

stretch for the test at a rate of 5 mm/s, held for 10 s, and released. The capacitance for each 

tested sensor remained fairly stable over the cycling. Further, the sensor stretched 200% 

failed at cycle number 1800, while the sensor stretched 150% failed at cycle 3800. Finally, 

the sensor stretched 100% failed at cycle 10,000. The authors, however, note that the sen-

sors failed near the grip section, suggesting that the sensors may have a longer fatigue life 

than is indicated by the tests [77]. 

A multiwalled carbon nanotube/Epoxy (MWCNT/EP) strain sensor created by Cao 

et al. [87] exhibited strain-dependent effects on the resistance. The MWCNT/EP sensor 

was stretched and relaxed over 10 cycles at a crosshead speed of 0.5 mm/s. At the lower 

strains of 2% and 4%, the relationship between strain and resistivity was approximately 
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linear, but with increasing strain to 6% and 8%, the resistivity decreased, which indicates 

that the resistivity is dependent on the strain rate [87]. 

Using an everyday office item, Wang et al. [1] fabricated a sensor by embedding 

CNTs into an elastic rubber band (EB) and then coating the band in polydopamine (PDA). 

Fatigue testing was performed on the sensor using a strain rate of 100 mm min−1 and a 

maximum strain of 100% for 10,000 cycles. The resistance of the sensor slowly drifted 

downwards until cycle 50 and was attributed to the damaging and restructuring of the 

CNTs. After 50 cycles, the resistance began to slowly drift upward until it stabilized at 

approximately cycle 5000. Between cycle 5000 and 9000, the resistance remained fairly 

stable, after which the resistance began to drift upwards again [1]. 

3.3.2. CNTs Incorporated in Piezoelectric Textiles 

MWCNTs have also been investigated for their strain-sensing abilities. Zhang et al. 

[79] fabricated an MWCNT/spandex strain sensor. At a strain rate of 100%/min and a max-

imum strain of 5%, the sensor was subjected to 80 stretch/relaxation cycles and found that 

the resistance showed time and strain dependency [79]. 

3.3.3. Additional CNT Sensors 

Strain sensors have also been fabricated from carbon nanotube meshes (CNTMs). 

Guo et al. [105] created CNTMs by depositing the CNTs on a nickel mesh. PDMS served 

as the substrate for the CNTMs. The sensors were tested for 1000 cycles at a maximum 

strain of 20% and a strain rate of 2% s−1. The resistance of the CNTMs sensor remained 

linear throughout the 1000 cycles; however, similar to the MWCNT sensors, the CNTMs 

sensor also exhibited strain dependency [79,87,105]. Additionally, as the strain increased, 

the resistance also increased [105]. 

3.3.4. Graphene Sensors 

As with CNTs, graphene-based sensors have also been used in conjunction with pol-

ymers and fabrics. For example, Liu et al. [106] examined the potential of graphene em-

bedded in TPU to create stretch sensors, while Gao et al. [94] fabricated a sensor comprised 

of a graphene–polyurethane nanofiber composite. In the study of Liu et al. [106], varying 

concentrations of graphene, including 0.2 wt. %, 0.4 wt. %, and 0.6 wt. % were introduced 

into a TPU matrix. The resultant sensors were then subjected to 100 tensile cycles at a 

strain rate of 0.1 min−1 to a maximum strain of 50%. Of the three concentrations, the 0.2 

wt. % graphene concentration reached the highest resistance, and the authors further 

found that the 0.2 wt. % graphene/TPU sensor had the highest sensitivity and a homoge-

nous dispersion of graphene throughout the TPU; however, when strained 30%, the re-

sistance did not return to its initial value, potentially due to the presence of residual strain 

in the TPU matrix or, owing to the large size of the graphene, the graphene takes longer 

to recover and restore the conductive paths, creating a lag between the mechanical and 

electrical properties of the sensor [106]. 

In addition to the graphene–polyurethane nanofiber composite, Gao et al. [94] also 

introduced quartz into their sensor to improve its electromechanical properties. The sen-

sor was subjected to 600 cycles of tensile strain to 50% at a rate of 30 mm∙min−1. Following 

an initial decrease, the resistance somewhat stabilized. A maximum gauge factor of 5.9 

was recovered between 94 and 110% strains [94]. 

White et al. [30] integrated both polymers and fabrics into expanded intercalated 

graphite (EIG) elastomer composite-based sensors in one of three ways: (1) by creating a 

conductive film, (2) by screen-printing the conductive materials onto spandex, or (3) by 3-

D printing the conductive materials onto a fabric substrate. Reaching a maximum strain 

of 50%, the sensors were subjected to 100,000 cycles at a strain rate of 80 mm min−1. Based 

on the results of the cyclic tests, all three sensors exhibit a decrease in sensitivity with an 

increase in the number of cycles; however, the linearity of the sensors remained intact [30]. 
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Using graphene nanoplatelets deposited on a PDMS coated polyethylene tereph-

thalate (PET) film, Wang et al. [191] created a stretch sensor that was subjected to 1000 

bending loads. The sensor exhibited linearity to 30% strain with a GF of 36.2. The sensor 

exhibited minimal electrical hysteresis and rapid response. Additionally, the sensor re-

covered from the bending fatigue and did not exhibit signs of material failure [191]. 

4. Discussion 

No standards currently exist for the fatigue testing of wearable sensing technologies 

[40,74]. While standards are being developed for internal wearable sensors [74], the meth-

ods for testing the cyclic durability of external sensors vary widely. For example, cycling 

of stretch sensors ranges from 10 cycles [21,87], which is below the low-cycle fatigue (LCF) 

regime [108], to 100,000 cycles [30,83], which falls within the high-cycle fatigue (HCF) re-

gime [108]. HCF data for stretch sensors is rare [30,83], with most studies focused on LCF 

data [11–13,20,75–77,80,82,84–86,89–100,103].  

Variation in materials and testing methods coupled with the inconsistent reporting 

of testing conditions and resultant data not only make direct comparisons of the fatigue 

life of wearable sensors difficult but also makes replication and validation of the sensor 

studies difficult. Despite these difficulties, several trends can be gleaned from the data 

and provide a basis for additional studies: (1) incremental changes in the design or mate-

rials comprising ICD leads can have adverse consequences; (2) thin-film and CNT-based 

sensors tend to have high sensitivities [85,93], but may require a break-in period to stabi-

lize their electromechanical response [1,75,79,80,87,189]; (3) ionic liquids exhibit stable re-

sistance responses, whereby the change from the base resistance to the peak resistance 

during cycling remains stable [13,81,88]; (4) at low strain amplitudes, CNT, hydrogel, and 

ionogel sensors are durable with respect to their material properties [75,77,91,97]; and (5) 

many of the studies assess only the LCF behavior of the sensors and do not cycle to failure 

[1,11–13,21,76,78–81,84,85,87–90,92–98,103,104]. Additionally of note, residual strain or 

permanent set can create a lag between the mechanical and electrical responses of sensors 

or cause drift of the resistance [84,89,95]. Additionally, the phenomenon of cyclic softening 

is underrecognized [21,88] and may ultimately result in the failure of the sensor. Addi-

tionally, some of the fluctuation and drift in the resistance/capacitance of the sensors may 

result from compliance in the testing machines, especially those relying on the crosshead 

speeds, increasing the uncertainty in the electrical properties of the sensors. Finally, as 

more wearable sensors become commercially available, the need for a break-in period for 

some sensors raises questions of whether to apply pre-strain to the materials comprising 

the sensors or to the completed sensor to reduce errors in resistance and sensitivity, mak-

ing such sensors operable “out of the box.”  

The electromechanical properties associated with stretch sensors are complex, and 

additional research is necessary to understand their fatigue behaviors and failure mecha-

nisms [139]. In particular, both HCF and failure data for wearable sensing technologies 

are needed. The collection of HCF data will not only help to determine the fatigue lives of 

the sensors but will also help to determine, modify, or develop equations and models that 

can then be validated for use in predicting the fatigue life of similar sensors. Further, frac-

tographic analyses of failed sensors would further the understanding of when cracks are 

initiated and how they propagate throughout sensors comprised of various combinations 

of materials. 

By recognizing the electromechanical fatigue behaviors associated with the materials 

used in the fabrication of the sensors, durable sensors can be crafted. Recognition of phe-

nomena associated with the fatigue properties of particular materials will allow sensor 

researchers and manufacturers to choose materials that best suit the purpose of their par-

ticular sensor. Additionally, the development of standards for the fatigue testing of wear-

able sensors [40,74,187] is needed and will allow for consistent reporting of testing meth-

odologies and output. The development of standards will ultimately improve the ability 
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of researchers, manufacturers, health professionals, and consumers to perform head-to-

head comparisons of wearable sensing technologies. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
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Author Contributions: Conceptualization, A.K.P., J.E.B., C.F., B.K.S., and R.F.B.V.; methodology, 

A.K.P., J.E.B., C.F., and R.F.B.V.; validation, A.K.P., J.E.B., C.F., and R.F.B.V.; formal analysis, A.K.P., 

C.F., D.M.M., and C.L.S.; investigation, A.K.P.; resources, R.F.B.V.; data curation, A.K.P.; writing—

original draft preparation, A.K.P.; writing—review and editing, A.K.P., J.E.B., C.F., D.M.M., C.L.S., 

B.K.S., and R.F.B.V.; visualization, A.K.P.; supervision, C.F., D.M.M., C.L.S., and R.F.B.V.; project 

administration, R.F.B.V.; funding acquisition, R.F.B.V. All authors have read and agreed to the pub-

lished version of the manuscript. 

Funding: This research was funded by the National Science Foundation under NSF 18511—Part-

nerships for Innovation award number 1827652. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Wang, F.; Liu, S.; Shu, L.; Tao, X.-M. Low-Dimensional Carbon Based Sensors and Sensing Network for Wearable Health and 

Environmental Monitoring. Carbon 2017, 121, 353–367, doi:10.1016/j.carbon.2017.06.006. 

2. Yeo, J.C.; Lim, C.T. Emerging Flexible and Wearable Physical Sensing Platforms for Healthcare and Biomedical Applications. 

Microsyst. Nanoeng. 2016, 2, 1–19, doi:10.1038/micronano.2016.43. 

3. Carvalho, H.; Catarino, A.P.; Rocha, A.; Postolache, O. Health Monitoring Using Textile Sensors and Electrodes: An Overview 

and Integration of Technologies. In Proceedings of the 2014 IEEE International Symposium on Medical Measurements and 

Applications (MeMeA), Lisbon, Portugal, 11 June 2014; pp. 1–6. 

4. Hehr, A.; Song, Y.; Suberu, B.; Sullivan, J.; Shanov, V.; Schulz, M. Chapter 24—Embedded Carbon Nanotube Sensor Thread for 

Structural Health Monitoring and Strain Sensing of Composite Materials. In Nanotube Superfiber Materials; Schulz, M.J., Shanov, 

V.N., Yin, Z., Eds.; William Andrew Publishing: Boston, MA, USA, 2014; pp. 671–712, ISBN 978-1-4557-7863-8. 

5. Li, R.; Nie, B.; Zhai, C.; Cao, J.; Pan, J.; Chi, Y.-W.; Pan, T. Telemedical Wearable Sensing Platform for Management of Chronic 

Venous Disorder. Ann. Biomed. Eng. 2016, 44, 2282–2291, doi:10.1007/s10439-015-1498-x. 

6. Pegan, J.D.; Zhang, J.; Chu, M.; Nguyen, T.; Park, S.-J.; Paul, A.; Kim, J.; Bachman, M.; Khine, M. Skin-Mountable Stretch Sensor 

for Wearable Health Monitoring. Nanoscale 2016, 8, 17295–17303, doi:10.1039/C6NR04467K. 

7. Byrom, B.; McCarthy, M.; Schueler, P.; Muehlhausen, W. Brain Monitoring Devices in Neuroscience Clinical Research: The 

Potential of Remote Monitoring Using Sensors, Wearables, and Mobile Devices. Clin. Pharmacol. Ther. 2018, 104, 59–71, 

doi:10.1002/cpt.1077. 

8. Takei, K. Flexible and Stretchable Medical Devices; Wiley-VCH: Weinheim, Germany, 2018. 

9. Bernstein, R.A.; Kamel, H.; Granger, C.B.; Piccini, J.P.; Sethi, P.P.; Katz, J.M.; Vives, C.A.; Ziegler, P.D.; Franco, N.C.; Schwamm, 

L.H.; et al. Effect of Long-Term Continuous Cardiac Monitoring vs Usual Care on Detection of Atrial Fibrillation in Patients 

With Stroke Attributed to Large- or Small-Vessel Disease: The STROKE-AF Randomized Clinical Trial. JAMA 2021, 325, 2169, 

doi:10.1001/jama.2021.6470. 

10. Buck, B.H.; Hill, M.D.; Quinn, F.R.; Butcher, K.S.; Menon, B.K.; Gulamhusein, S.; Siddiqui, M.; Coutts, S.B.; Jeerakathil, T.; Smith, 

E.E.; et al. Effect of Implantable vs Prolonged External Electrocardiographic Monitoring on Atrial Fibrillation Detection in Pa-

tients with Ischemic Stroke: The PER DIEM Randomized Clinical Trial. JAMA 2021, 325, 2160, doi:10.1001/jama.2021.6128. 

11. Lee, J.; Kim, S.; Lee, J.; Yang, D.; Park, B.C.; Ryu, S.; Park, I. A Stretchable Strain Sensor Based on a Metal Nanoparticle Thin 

Film for Human Motion Detection. Nanoscale 2014, 6, 11932–11939, doi:10.1039/C4NR03295K. 

12. O’Quigley, C.; Sabourin, M.; Coyle, S.; Connolly, J.; Condall, J.; Curran, K.; Corcoran, B.; Diamond, D. Characteristics of a Piezo-

Resistive Fabric Stretch Sensor Glove for Home-Monitoring of Rheumatoid Arthritis. In Proceedings of the 2014 11th Interna-

tional Conference on Wearable and Implantable Body Sensor Networks Workshops; Zurich, Sweden, 16–19 June 2014; pp. 23–

26, doi: 10.1109/BSN.Workshops.2014.15 

13. Choi, D.Y.; Kim, M.H.; Oh, Y.S.; Jung, S.-H.; Jung, J.H.; Sung, H.J.; Lee, H.W. Highly Stretchable, Hysteresis-Free Ionic Liquid-

Based Strain Sensor for Precise Human Motion Monitoring. ACS Appl. Mater. Interfaces 2017, 9, 1770–1780, 

doi:10.1021/acsami.6b12415. 

14. Lorussi, F.; Rocchia, W.; Scilingo, E.P.; Tognetti, A.; De Rossi, D. Wearable, Redundant Fabric-Based Sensor Arrays for Recon-

struction of Body Segment Posture. IEEE Sens. J. 2004, 4, 807–818, doi:10.1109/JSEN.2004.837498. 

15. Scilingo, E.P.; Gemignani, A.; Paradiso, R.; Taccini, N.; Ghelarducci, B.; De Rossi, D. Performance Evaluation of Sensing Fabrics 

for Monitoring Physiological and Biomechanical Variables. IEEE Trans. Inf. Technol. Biomed. 2005, 9, 345–352, 

doi:10.1109/TITB.2005.854506. 

16. Wang, Y.; Wang, L.; Yang, T.; Li, X.; Zang, X.; Zhu, M.; Wang, K.; Wu, D.; Zhu, H. Wearable and Highly Sensitive Graphene 

Strain Sensors for Human Motion Monitoring. Adv. Funct. Mater. 2014, 24, 4666–4670, doi:10.1002/adfm.201400379. 



Materials 2021, 14, 4070 21 of 27 
 

 

17. Yoon, S.G.; Koo, H.-J.; Chang, S.T. Highly Stretchable and Transparent Microfluidic Strain Sensors for Monitoring Human Body 

Motions. ACS Appl. Mater. Interfaces 2015, 7, 27562–27570, doi:10.1021/acsami.5b08404. 

18. Amjadi, M.; Kyung, K.-U.; Park, I.; Sitti, M. Stretchable, Skin-Mountable, and Wearable Strain Sensors and Their Potential Ap-

plications: A Review. Adv. Funct. Mater. 2016, 26, 1678–1698, doi:10.1002/adfm.201504755. 

19. Rose, M.; Curtze, C.; O’Sullivan, J.; El-Gohary, M.; Crawford, D.; Friess, D.; Brady, J.M. Wearable Inertial Sensors Allow for 

Quantitative Assessment of Shoulder and Elbow Kinematics in a Cadaveric Knee Arthroscopy Model. Arthroscopy 2017, 33, 

2110–2116, doi:10.1016/j.arthro.2017.06.042. 

20. Wang, Y.; Jia, Y.; Zhou, Y.; Wang, Y.; Zheng, G.; Dai, K.; Liu, C.; Shen, C. Ultra-Stretchable, Sensitive and Durable Strain Sensors 

Based on Polydopamine Encapsulated Carbon Nanotubes/Elastic Bands. J. Mater. Chem. C 2018, 6, 8160–8170, 

doi:10.1039/C8TC02702A. 

21. Xia, S.; Song, S.; Gao, G. Robust and Flexible Strain Sensors Based on Dual Physically Cross-Linked Double Network Hydrogels 

for Monitoring Human-Motion. Chem. Eng. J.2018, 354, 817–824, doi:10.1016/j.cej.2018.08.053. 

22. Lee, K.Y.; Peters, M.C.; Mooney, D.J. Controlled Drug Delivery from Polymers by Mechanical Signals. Adv. Mater. 2001, 13, 837–

839, doi:10.1002/1521-4095(200106)13:11<837::AID-ADMA837>3.0.CO;2-D. 

23. Di, J.; Yao, S.; Ye, Y.; Cui, Z.; Yu, J.; Ghosh, T.K.; Zhu, Y.; Gu, Z. Stretch-Triggered Drug Delivery from Wearable Elastomer 

Films Containing Therapeutic Depots. ACS Nano 2015, 9, 9407–9415, doi:10.1021/acsnano.5b03975. 

24. Barton, C.J.; Kappel, S.L.; Ahrendt, P.; Simonsen, O.; Rathleff, M.S. Dynamic Navicular Motion Measured Using a Stretch Sensor 

Is Different between Walking and Running, and between over-Ground and Treadmill Conditions. J. Foot Ankle Res. 2015, 8, 5, 

doi:10.1186/s13047-015-0063-z. 

25. Luczak, T.; Saucier, D.; Burch, V.R.F.; Ball, J.E.; Chander, H.; Knight, A.; Wei, P.; Iftekhar, T. Closing the Wearable Gap: Mobile 

Systems for Kinematic Signal Monitoring of the Foot and Ankle. Electronics 2018, 7, 117, doi:10.3390/electronics7070117. 

26. Saucier, D.; Luczak, T.; Nguyen, P.; Davarzani, S.; Peranich, P.; Ball, J.E.; Burch, R.F.; Smith, B.K.; Chander, H.; Knight, A.; et al. 

Closing the Wearable Gap—Part II: Sensor Orientation and Placement for Foot and Ankle Joint Kinematic Measurements. Sen-

sors 2019, 19, 3509, doi:10.3390/s19163509. 

27. Chander, H.; Stewart, E.; Saucier, D.; Nguyen, P.; Luczak, T.; Ball, J.E.; Knight, A.C.; Smith, B.K.; Prabhu, R.K. Closing the 

Wearable Gap—Part III: Use of Stretch Sensors in Detecting Ankle Joint Kinematics During Unexpected and Expected Slip and 

Trip Perturbations. Electronics 2019, 8, 1083, doi:10.3390/electronics8101083. 

28. Saucier, D.; Davarzani, S.; Turner, A.; Luczak, T.; Nguyen, P.; Carroll, W.; Burch, V.R.F.; Ball, J.E.; Smith, B.K.; Chander, H.; et 

al. Closing the Wearable Gap—Part IV: 3D Motion Capture Cameras Versus Soft Robotic Sensors Comparison of Gait Move-

ment Assessment. Electronics 2019, 8, 1382, doi:10.3390/electronics8121382. 

29. Kumbay Yildiz, S.; Mutlu, R.; Alici, G. Fabrication and Characterisation of Highly Stretchable Elastomeric Strain Sensors for 

Prosthetic Hand Applications. Sensors Actuators A Phys. 2016, 247, 514–521, doi:10.1016/j.sna.2016.06.037. 

30. White, E.L.; Yuen, M.C.; Case, J.C.; Kramer, R.K. Low-Cost, Facile, and Scalable Manufacturing of Capacitive Sensors for Soft 

Systems. Adv. Mater. Technol. 2017, 2, 1700072, doi:10.1002/admt.201700072. 

31. Litteken, D. Evaluation of Strain Measurement Devices for Inflatable Structures. In Proceedings of the 58th 

AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, AIAA SciTech Forum, Grapevine, TX, USA, 

9–13 January 2017, doi: 10.2514/6.2017-0426 

32. Mehrotra, A.; Nimgaonkar, A.; Richman, B. Telemedicine and Medical Licensure—Potential Paths for Reform. New Engl. J. Med. 

2021, 384, 687–690, doi:10.1056/NEJMp2031608. 

33. Patel, S.Y.; Mehrotra, A.; Huskamp, H.A.; Uscher-Pines, L.; Ganguli, I.; Barnett, M.L. Trends in Outpatient Care Delivery and 

Telemedicine During the COVID-19 Pandemic in the US. JAMA Intern. Med. 2021, 181, 388, doi:10.1001/jamaintern-

med.2020.5928. 

34. Shachar, C.; Gupta, A.; Katznelson, G. Modernizing Medical Licensure to Facilitate Telemedicine Delivery After the COVID-19 

Pandemic. JAMA Health Forum 2021, 2, e210405, doi:10.1001/jamahealthforum.2021.0405. 

35. DeVore, A.D.; Wosik, J.; Hernandez, A.F. The Future of Wearables in Heart Failure Patients. JACC: Heart Fail. 2019, 7, 922–932, 

doi:10.1016/j.jchf.2019.08.008. 

36. Mohankumar, P.; Ajayan, J.; Mohanraj, T.; Yasodharan, R. Recent Developments in Biosensors for Healthcare and Biomedical 

Applications: A Review. Measurement 2021, 167, 108293, doi:10.1016/j.measurement.2020.108293. 

37. Vailshery, L.S. Global Connected Wearable Devices 2016–2022. Available online: https://www.statista.com/statis-

tics/487291/global-connected-wearable-devices/ (accessed on 29 May 2021). 

38. Peake, J.M.; Kerr, G.; Sullivan, J.P. A Critical Review of Consumer Wearables, Mobile Applications, and Equipment for Provid-

ing Biofeedback, Monitoring Stress, and Sleep in Physically Active Populations. Front. Physiol. 2018, 9, 

doi:10.3389/fphys.2018.00743. 

39. Dunn, J.; Runge, R.; Snyder, M. Wearables and the Medical Revolution. Pers. Med. 2018, 15, 429–448, doi:10.2217/pme-2018-0044. 

40. Lall, P.; Narangaparambil, J.; Abrol, A.; Leever, B.; Marsh, J. Development of Test Protocols for the Flexible Substrates in Wear-

able Applications. In Proceedings of the 2018 17th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena 

in Electronic Systems (ITherm), San Diego, CA, USA, 29 May–1 June 2018; pp. 1120–1127, doi: 10.1109/ITHERM.2018.8419564. 

41. Salah, H.; MacIntosh, E.; Rajakulendran, N. Wearable Tech: Leveraging Canadian Innovation to Improve Health; MaRS Discovery 

District: Toronto, ON, Canada, 2014. 



Materials 2021, 14, 4070 22 of 27 
 

 

42. Slade Shantz, J.A.; Veillette, C.J.H. The Application of Wearable Technology in Surgery: Ensuring the Positive Impact of the 

Wearable Revolution on Surgical Patients. Front. Surg. 2014, 1, doi:10.3389/fsurg.2014.00039. 

43. Kolodzey, L.; Grantcharov, P.D.; Rivas, H.; Schijven, M.P.; Grantcharov, T.P. Wearable Technology in the Operating Room: A 

Systematic Review. BMJ Innov. 2017, 3, doi:10.1136/bmjinnov–2016–000133. 

44. Yetisen, A.K.; Martinez-Hurtado, J.L.; Ünal, B.; Khademhosseini, A.; Butt, H. Wearables in Medicine. Adv. Mater. 2018, 30, 

1706910, doi:10.1002/adma.201706910. 

45. Maisel, W.H. Semper Fidelis—Consumer Protection for Patients with Implanted Medical Devices. New Eng. J. Med. 2008, 358, 

985–987, doi:10.1056/NEJMp0800495. 

46. Hauser, R.G.; Maisel, W.H.; Friedman, P.A.; Kallinen, L.M.; Mugglin, A.S.; Kumar, K.; Hodge, D.O.; Morrison, T.B.; Hayes, D.L. 

Longevity of Sprint Fidelis Implantable Cardioverter-Defibrillator Leads and Risk Factors for Failure. Circulation 2011, 123, 358–

363, doi:10.1161/CIRCULATIONAHA.110.975219. 

47. Hauser, R.G.; Abdelhadi, R.; McGriff, D.; Retel, L.K. Deaths Caused by the Failure of Riata and Riata ST Implantable Cardio-

verter-Defibrillator Leads. Heart Rhythm 2012, 9, 1227–1235, doi:10.1016/j.hrthm.2012.03.048. 

48. Rome, B.N.; Kramer, D.B.; Kesselheim, A.S. FDA Approval of Cardiac Implantable Electronic Devices via Original and Supple-

ment Premarket Approval Pathways, 1979–2012. JAMA 2014, 311, 385–391, doi:10.1001/jama.2013.284986. 

49. Rome, B.N.; Kramer, D.B.; Kesselheim, A.S. Approval of High-Risk Medical Devices in the US: Implications for Clinical Cardi-

ology. Curr. Cardiol. Rep. 2014, 16, 489, doi:10.1007/s11886-014-0489-0. 

50. Swerdlow, C.D.; Asirvatham, S.J.; Ellenbogen, K.A.; Friedman, P.A. Troubleshooting Implanted Cardioverter Defibrillator Sens-

ing Problems I. Circ. Arrhythmia Electrophysiol. 2014, 7, 1237–1261, doi:10.1161/CIRCEP.114.002344. 

51. Cingolani, E.; Goldhaber, J.I.; Marbán, E. Next-Generation Pacemakers: From Small Devices to Biological Pacemakers. Nat. Rev. 

Cardiol. 2018, 15, 139–150, doi:10.1038/nrcardio.2017.165. 

52. Koneru, J.N.; Jones, P.W.; Hammill, E.F.; Wold, N.; Ellenbogen, K.A. Risk Factors and Temporal Trends of Complications As-

sociated With Transvenous Implantable Cardiac Defibrillator Leads. J. Am. Heart Assoc. 2018, 7, e007691, 

doi:10.1161/JAHA.117.007691. 

53. DeForge, W.F. Cardiac Pacemakers: A Basic Review of the History and Current Technology. J. Vet. Cardiol. 2019, 22, 40–50, 

doi:10.1016/j.jvc.2019.01.001. 

54. El-Chami, M.F.; Rao, B.; Shah, A.D.; Wood, C.; Sayegh, M.; Zakka, P.; Ginn, K.; Pallotta, L.; Evans, B.; Hoskins, M.H.; et al. Long-

Term Performance of a Pacing Lead Family: A Single-Center Experience. Heart Rhythm 2019, 16, 572–578, 

doi:10.1016/j.hrthm.2018.10.024. 

55. Segan, L.; Samuel, R.; Lim, M.; Ridley, D.; Sen, J.; Perrin, M. Incidence of Premature Lead Failure in 2088 TendrilTM Pacing 

Leads: A Single Centre Experience. Heart Lung Circ. 2020, doi:10.1016/j.hlc.2020.11.002. 

56. Sengupta, J.; Storey, K.; Casey, S.; Trager, L.; Buescher, M.; Horning, M.; Gornick, C.; Abdelhadi, R.; Tang, C.; Brill, S.; et al. 

Outcomes Before and After the Recall of a Heart Failure Pacemaker. JAMA Intern. Med. 2020, 180, 198, doi:10.1001/jamaintern-

med.2019.5171. 

57. Adelstein, E.; Zhang, L.; Nazeer, H.; Loka, A.; Steckman, D. Increased Incidence of Electrical Abnormalities in a Pacemaker 

Lead Family. J. Cardiovasc. Electrophysiol. 2021, 32, 1111–1121, doi:10.1111/jce.14941. 

58. Faccioli, S.; Del Favero, S.; Visentin, R.; Bonfanti, R.; Iafusco, D.; Rabbone, I.; Marigliano, M.; Schiaffini, R.; Bruttomesso, D.; 

Cobelli, C. Accuracy of a CGM Sensor in Pediatric Subjects with Type 1 Diabetes. Comparison of Three Insertion Sites: Arm, 

Abdomen, and Gluteus. J. Diabetes Sci. Technol. 2017, 11, 1147–1154, doi:10.1177/1932296817706377. 

59. Klonoff, D.C.; Ahn, D.; Drincic, A. Continuous Glucose Monitoring: A Review of the Technology and Clinical Use. Diabetes Res. 

Clin. Pract. 2017, 133, 178–192, doi:10.1016/j.diabres.2017.08.005. 

60. Teoh, S.H. Fatigue of Biomaterials: A Review. Int. J. Fatigue 2000, 22, 825–837, doi:10.1016/S0142-1123(00)00052-9. 

61. Zuckerman, D.M.; Brown, P.; Nissen, S.E. Medical Device Recalls and the FDA Approval Process. Arch. Intern. Med. 2011, 171, 

1006–1011, doi:10.1001/archinternmed.2011.30. 

62. Jones, A.-A.D.; Mi, G.; Webster, T.J. A Status Report on FDA Approval of Medical Devices Containing Nanostructured Materi-

als. Trends Biotechnol. 2019, 37, 117–120, doi:10.1016/j.tibtech.2018.06.003. 

63. United States Food and Drug Administration. Medical Device Overview. Available online: https://www.fda.gov/industry/reg-

ulated-products/medical-device-overview (accessed 30 May 2021) 

64. United States Food and Drug Administration. Premarket Approval (PMA). Available online: https://www.fda.gov/medical-

devices/premarket-submissions/premarket-approval-pma (accessed on 30 May 2021). 

65. United States Food and Drug Administration. Premarket Notification 510(k). Available online: https://www.fda.gov/medical-

devices/premarket-submissions/premarket-notification-510k (accessed on 30 May 2021). 

66. Regulation (EU) 2017/745 of the European Parliament and of the Council of 5 April 2017 on Medical Devices, Amending Di-

rective 2001/83/EC, Regulation (EC) No 178/2002 and Regulation (EC) No 1223/2009 and Repealing Council Directives 

90/385/EEC and 93/42/EEC (Text with EEA Relevance) Text with EEA RelevanceLex. Available online: https://eur-lex.eu-

ropa.eu/legal-content/EN/TXT/?uri=CELEX%3A02017R0745-20170505 (accessed on 7 July 2021). 

67. European Commission, Health Technology and Cosmetics. Guidelines for Medical Devices. In Medical Devices Directives, Clin-

ical Investigation; Clinical Evaluation: A Guide for Manufacturers and Notified Bodies under Directives 93/42/EEC and 

90/385/EEC, MEDDEV 2.7/1, Revision 4 2016; Available online: https://ec.europa.eu/docsroom/documents/17522/attach-

ments/1/translations/en/renditions/native (accessed on 19 July 2021). 



Materials 2021, 14, 4070 23 of 27 
 

 

68. Auricchio, A.; Gropp, M.; Ludgate, S.; Vardas, P.; Brugada, J.; Priori, S.G. Writing Committee for the European Heart Rhythm 

Association Guidance Document on Cardiac Rhythm Management Product Performance European Heart Rhythm Association 

Guidance Document on Cardiac Rhythm Management Product Performance. EP Europace 2006, 8, 313–322, doi:10.1093/euro-

pace/eul043. 

69. Swerdlow, C.D.; Kalahasty, G.; Ellenbogen, K.A. Implantable Cardiac Defibrillator Lead Failure and Management. J. Am. Coll. 

Cardiol. 2016, 67, 1358–1368, doi:10.1016/j.jacc.2015.12.067. 

70. Mulpuru, S.K.; Madhavan, M.; McLeod, C.J.; Cha, Y.-M.; Friedman, P.A. Cardiac Pacemakers: Function, Troubleshooting, and 

Management: Part 1 of a 2-Part Series. J. Am. Coll. Cardiol. 2017, 69, 189–210, doi:10.1016/j.jacc.2016.10.061. 

71. Swerdlow, C.D.; Hayes, D.L.; Zipes, D.P. Pacemakers and Implantable Cardioverter-Defibrillators. In Braunwald’s Heart Disease: 

A Textbook of Cardiovascular Medicine; Bonow, R.O., Mann, D.L., Zipes, D.P., Libby, P., Braunwald, E., Eds.; Elsevier Saunders: 

Philadelphia, PA, USA, 2012; pp. 745–768. 

72. Altman, P.A.; Meagher, J.M.; Walsh, D.W.; Hoffmann, D.A. Rotary Bending Fatigue of Coils and Wires Used in Cardiac Lead 

Design. J. Biomed. Mater. Res. 1998, 43, 21–37, doi:10.1002/(SICI)1097-4636(199821)43:1<21::AID-JBM3>3.0.CO;2-O. 

73. Liu, L.; Wang, J.; Yang, W.; Chen, S.J. In Vivo Stress Analysis of a Pacing Lead From an Angiographic Sequence. J. Biomech. Eng. 

2011, 133, doi:10.1115/1.4003524. 

74. Quinn, T.; Splett, J.; McColskey, J.; Dawson, J.; Smith, D.; Himes, A.; Cooke, D. The Reproducibility of a Proposed Standard 

Fatigue Test for Cardiac Device Leads. Fourth Symp. Fatigue Fract. Met. Med. Mater. Devices 2019, doi:10.1520/STP161620180033. 

75. Yamada, T.; Hayamizu, Y.; Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K. A Stretchable Carbon 

Nanotube Strain Sensor for Human-Motion Detection. Nat. Nanotechnol. 2011, 6, 296–301, doi:10.1038/nnano.2011.36. 

76. Atalay, O.; Kennon, W.R.; Husain, M.D. Textile-Based Weft Knitted Strain Sensors: Effect of Fabric Parameters on Sensor Prop-

erties. Sensors 2013, 13, 11114–11127, doi:10.3390/s130811114. 

77. Cai, L.; Song, L.; Luan, P.; Zhang, Q.; Zhang, N.; Gao, Q.; Zhao, D.; Zhang, X.; Tu, M.; Yang, F.; et al. Super-Stretchable, Trans-

parent Carbon Nanotube-Based Capacitive Strain Sensors for Human Motion Detection. Sci. Rep. 2013, 3, 1–9, 

doi:10.1038/srep03048. 

78. Gioberto, G.; Dunne, L.E. Overlock-Stitched Stretch Sensors: Characterization and Effect of Fabric Property. J. Text. Appar. Tech-

nol. Manag. 2013, 8, 1–14. Available online: https://ojs.cnr.ncsu.edu/index.php/JTATM/article/view/4417 (accessed on 20 July 

2021). 

79. Zhang, R.; Deng, H.; Valenca, R.; Jin, J.; Fu, Q.; Bilotti, E.; Peijs, T. Strain Sensing Behaviour of Elastomeric Composite Films 

Containing Carbon Nanotubes under Cyclic Loading. Compos. Sci. Technol. 2013, 74, 1–5, doi:10.1016/j.compscitech.2012.09.016. 

80. Kang, D.; Pikhitsa, P.V.; Choi, Y.W.; Lee, C.; Shin, S.S.; Piao, L.; Park, B.; Suh, K.-Y.; Kim, T.; Choi, M. Ultrasensitive Mechanical 

Crack-Based Sensor Inspired by the Spider Sensory System. Nature 2014, 516, 222–226, doi:10.1038/nature14002. 

81. Matsuzaki, R.; Tabayashi, K. Highly Stretchable, Global, and Distributed Local Strain Sensing Line Using GaInSn Electrodes for 

Wearable Electronics. Adv. Funct. Mater. 2015, 25, 3806–3813, doi:10.1002/adfm.201501396. 

82. Borghetti, M.; Serpelloni, M.; Sardini, E.; Pandini, S. Mechanical Behavior of Strain Sensors Based on PEDOT:PSS and Silver 

Nanoparticles Inks Deposited on Polymer Substrate by Inkjet Printing. Sensors Actuators A Phys. 2016, 243, 71–80, 

doi:10.1016/j.sna.2016.03.021. 

83. Kim, D.-G.; Kim, J.; Jung, S.-B.; Kim, Y.-S.; Kim, J.-W. Electrically and Mechanically Enhanced Ag Nanowires-Colorless Polyi-

mide Composite Electrode for Flexible Capacitive Sensor. Appl. Surface Sci. 2016, 380, 223–228, doi:10.1016/j.apsusc.2016.01.130. 

84. Liu, H.; Li, Y.; Dai, K.; Zheng, G.; Liu, C.; Shen, C.; Yan, X.; Guo, J.; Guo, Z. Electrically Conductive Thermoplastic Elastomer 

Nanocomposites at Ultralow Graphene Loading Levels for Strain Sensor Applications. J. Mater. Chem. C 2016, 4, 157–166, 

doi:10.1039/C5TC02751A. 

85. Yang, T.; Li, X.; Jiang, X.; Lin, S.; Lao, J.; Shi, J.; Zhen, Z.; Li, Z.; Zhu, H. Structural Engineering of Gold Thin Films with Channel 

Cracks for Ultrasensitive Strain Sensing. Mater. Horiz. 2016, 3, 248–255, doi:10.1039/C6MH00027D. 

86. Yokus, M.A.; Foote, R.; Jur, J.S. Printed Stretchable Interconnects for Smart Garments: Design, Fabrication, and Characterization. 

IEEE Sensors J. 2016, 16, 7967–7976, doi:10.1109/JSEN.2016.2605071. 

87. Cao, X.; Wei, X.; Li, G.; Hu, C.; Dai, K.; Guo, J.; Zheng, G.; Liu, C.; Shen, C.; Guo, Z. Strain Sensing Behaviors of Epoxy Nano-

composites with Carbon Nanotubes under Cyclic Deformation. Polymer 2017, 112, 1–9, doi:10.1016/j.polymer.2017.01.068. 

88. Keulemans, G.; Ceyssens, F.; Puers, R. An Ionic Liquid Based Strain Sensor for Large Displacement Measurement. Biomed. Mi-

crodevices 2017, 19, 1, doi:10.1007/s10544-016-0141-4. 

89. Zheng, Y.; Li, Y.; Li, Z.; Wang, Y.; Dai, K.; Zheng, G.; Liu, C.; Shen, C. The Effect of Filler Dimensionality on the Electromechan-

ical Performance of Polydimethylsiloxane Based Conductive Nanocomposites for Flexible Strain Sensors. Compos. Sci. Technol. 

2017, 139, 64–73, doi:10.1016/j.compscitech.2016.12.014. 

90. Atalay, O. Textile-Based, Interdigital, Capacitive, Soft-Strain Sensor for Wearable Applications. Materials 2018, 11, 768, 

doi:10.3390/ma11050768. 

91. Chen, R.; Xu, X.; Yu, D.; Xiao, C.; Liu, M.; Huang, J.; Mao, T.; Zheng, C.; Wang, Z.; Wu, X. Highly Stretchable and Fatigue 

Resistant Hydrogels with Low Young’s Modulus as Transparent and Flexible Strain Sensors. J. Mater. Chem. C 2018, 6, 11193–

11201, doi:10.1039/C8TC02583E. 

92. Seyedin, S.; Moradi, S.; Singh, C.; Razal, J.M. Continuous Production of Stretchable Conductive Multifilaments in Kilometer 

Scale Enables Facile Knitting of Wearable Strain Sensing Textiles. Appl. Mater. Today 2018, 11, 255–263, 

doi:10.1016/j.apmt.2018.02.012. 



Materials 2021, 14, 4070 24 of 27 
 

 

93. Zhou, J.; Xu, X.; Xin, Y.; Lubineau, G. Coaxial Thermoplastic Elastomer-Wrapped Carbon Nanotube Fibers for Deformable and 

Wearable Strain Sensors. Adv. Funct. Mater. 2018, 28, 1705591, doi:10.1002/adfm.201705591. 

94. Gao, J.; Li, B.; Huang, X.; Wang, L.; Lin, L.; Wang, H.; Xue, H. Electrically Conductive and Fluorine Free Superhydrophobic 

Strain Sensors Based on SiO2/Graphene-Decorated Electrospun Nanofibers for Human Motion Monitoring. Chem. Eng. J. 2019, 

373, 298–306, doi:10.1016/j.cej.2019.05.045. 

95. Isaia, C.; McNally, D.S.; McMaster, S.A.; Branson, D.T. Effect of Mechanical Preconditioning on the Electrical Properties of Knit-

ted Conductive Textiles during Cyclic Loading. Text. Res. J. 2019, 89, 445–460, doi:10.1177/0040517517748496. 

96. Jia, Y.; Shen, L.; Liu, J.; Zhou, W.; Du, Y.; Xu, J.; Liu, C.; Zhang, G.; Zhang, Z.; Jiang, F. An Efficient PEDOT-Coated Textile for 

Wearable Thermoelectric Generators and Strain Sensors. J. Mater. Chem. C 2019, 7, 3496–3502, doi:10.1039/C8TC05906C. 

97. Lai, J.; Zhou, H.; Jin, Z.; Li, S.; Liu, H.; Jin, X.; Luo, C.; Ma, A.; Chen, W. Highly Stretchable, Fatigue-Resistant, Electrically 

Conductive, and Temperature-Tolerant Ionogels for High-Performance Flexible Sensors. ACS Appl. Mater. Interfaces 2019, 11, 

26412–26420, doi:10.1021/acsami.9b10146. 

98. Liang, A.; Stewart, R.; Bryan-Kinns, N. Analysis of Sensitivity, Linearity, Hysteresis, Responsiveness, and Fatigue of Textile 

Knit Stretch Sensors. Sensors 2019, 19, 3618, doi:10.3390/s19163618. 

99. Losaria, P.M.; Yim, J.-H. A Highly Stretchable Large Strain Sensor Based on PEDOT–Thermoplastic Polyurethane Hybrid Pre-

pared via in Situ Vapor Phase Polymerization. J. Ind. Eng. Chem. 2019, 74, 108–117, doi:10.1016/j.jiec.2019.02.013. 

100. Zou, Q.; Zheng, J.; Su, Q.; Wang, W.; Gao, W.; Ma, Z. A Wave-Inspired Ultrastretchable Strain Sensor with Predictable Cracks. 

Sensors Actuators A Phys. 2019, 300, 111658, doi:10.1016/j.sna.2019.111658. 

101. Melnykowycz, M.; Koll, B.; Scharf, D.; Clemens, F. Comparison of Piezoresistive Monofilament Polymer Sensors. Sensors 2014, 

14, 1278–1294, doi:10.3390/s140101278. 

102. Lajimi, S.A.M.; McPhee, J. A Comprehensive Filter to Reduce Drift from Euler Angles, Velocity, and Position Using an IMU. In 

Proceedings of the 2017 IEEE 30th Canadian Conference on Electrical and Computer Engineering (CCECE), Windsor, ON, Can-

ada, 30 April–3 May 2017; pp. 1–6, doi: 10.1109/CCECE.2017.7946615 

103. Jun, S.; Ju, B.-K.; Kim, J.-W. Ultra-Facile Fabrication of Stretchable and Transparent Capacitive Sensor Employing Photo-As-

sisted Patterning of Silver Nanowire Networks. Adv. Mater. Technol. 2016, 1, 1600062, doi:10.1002/admt.201600062. 

104. Isaia, C.; McNally, D.; McMaster, S.A.; Branson, D.T. Investigation of Changes in the Electrical Properties of Novel Knitted 

Conductive Textiles during Cyclic Loading. In Proceedings of the 2016 38th Annual International Conference of the IEEE Engi-

neering in Medicine and Biology Society (EMBC), Orlando, FL, USA, 16–20 August 2016; pp. 6058–6061, doi: 

10.1109/EMBC.2016.7592110 

105. Guo, F.M.; Cui, X.; Wang, K.L.; Wei, J.Q. Stretchable and Compressible Strain Sensors Based on Carbon Nanotube Meshes. 

Nanoscale 2016, 8, 19352–19358, doi:10.1039/C6NR06804A. 

106. Liu, H.; Dong, M.; Huang, W.; Gao, J.; Dai, K.; Guo, J.; Zheng, G.; Liu, C.; Shen, C.; Guo, Z. Lightweight Conductive Gra-

phene/Thermoplastic Polyurethane Foams with Ultrahigh Compressibility for Piezoresistive Sensing. J. Mater. Chem. C 2017, 5, 

73–83, doi:10.1039/C6TC03713E. 

107. Manson, S.S. Thermal Stress and Low-Cycle Fatigue; McGraw-Hill: New York, NY, USA, 1966; 

108. Stephens, R.I.; Fatemi, A.; Stephens, R.R.; Fuchs, H.O. Metal. Fatigue in Engineering, 2nd ed.; John Wiley & Sons Inc.: Hoboken, 

NJ, USA, 2001. 

109. Bossuyt, F.; Guenther, J.; Löher, T.; Seckel, M.; Sterken, T.; de Vries, J. Cyclic Endurance Reliability of Stretchable Electronic 

Substrates. Microelectron. Reliab. 2011, 51, 628–635, doi:10.1016/j.microrel.2010.09.032. 

110. McClay, I.S.; Robinson, J.R.; Andriacchi, T.P.; Frederick, E.C.; Gross, T.; Martin, P.; Valiant, G.; Williams, K.R.; Cavanagh, P.R. 

A Profile of Ground Reaction Forces in Professional Basketball. J. Appl. Biomech. 1994, 10, 222–236, doi:10.1123/jab.10.3.222. 

111. McQuade, M. Effect of Soccer Positions on Steps Taken Per Game. Int. J. Exerc. Sci. Confer. Proc. 2011, 2, 19. 

112. Coffin, L.F. A Study of the Effects of Cyclic Thermal Stresses on a Ductile Metal. Trans. ASME 1954, 76, 931–950. 

113. Manson, S.S. Behavior of Materials Under Conditions of Thermal Stress; National Advisory Committee for Aeronautics: Washington, 

DC, USA, 1954; pp. 1–34. 

114. Basquin, O.H. The Exponential Law of Endurance Tests. In Proceedings of the 13th Annual Meeting, Atlantic City, NJ, USA, 28 

June–2 July 1910; pp. 625–630. 

115. Persson, B.N.J.; Brener, E.A. Crack Propagation in Viscoelastic Solids. Phys. Rev. E 2005, 71, 036123, 

doi:10.1103/PhysRevE.71.036123. 

116. Qi, H.J.; Boyce, M.C. Stress–Strain Behavior of Thermoplastic Polyurethanes. Mech. Mater. 2005, 37, 817–839, 

doi:10.1016/j.mechmat.2004.08.001. 

117. Diani, J.; Fayolle, B.; Gilormini, P. A Review on the Mullins Effect. Eur. Polymer J. 2009, 45, 601–612, doi:10.1016/j.eur-

polymj.2008.11.017. 

118. Focatiis, D.S.A.D.; Hull, D.; Sánchez-Valencia, A. Roles of Prestrain and Hysteresis on Piezoresistance in Conductive Elastomers 

for Strain Sensor Applications. Plastics Rubber Compo. 2012, 41, 301–309, doi:10.1179/1743289812Y.0000000022. 

119. McDowell, D.L.; Gall, K.; Horstemeyer, M.F.; Fan, J. Microstructure-Based Fatigue Modeling of Cast A356-T6 Alloy. Eng. Fract. 

Mech. 2003, 70, 49–80, doi:10.1016/S0013-7944(02)00021-8. 

120. Hughes, J.M.; Lugo, M.; Bouvard, J.L.; McIntyre, T.; Horstemeyer, M.F. Cyclic Behavior and Modeling of Small Fatigue Cracks 

of a Polycarbonate Polymer. Int. J. Fatigue 2017, 99, 78–86, doi:10.1016/j.ijfatigue.2016.12.012. 

121. Rabinowitz, S.; Beardmore, P. Cyclic Deformation and Fracture of Polymers. J. Mater. Sci. 1974, 9, 81–99, doi:10.1007/BF00554758. 



Materials 2021, 14, 4070 25 of 27 
 

 

122. Dieter, G.E. Mechanical Metallurgy; 3ed ed.; McGraw-Hill: New York, NY, USA, 1986. 

123. Niesłony, A.; el Dsoki, C.; Kaufmann, H.; Krug, P. New Method for Evaluation of the Manson–Coffin–Basquin and Ramberg–

Osgood Equations with Respect to Compatibility. Int. J. Fatigue 2008, 30, 1967–1977, doi:10.1016/j.ijfatigue.2008.01.012. 

124. Terent’ev, V.F. Endurance Limit of Metals and Alloys. Met. Sci Heat Treat. 2008, 50, 88–96, doi:10.1007/s11041-008-9018-3. 

125. Basan, R.; Rubeša, D.; Franulović, M.; Križan, B. A Novel Approach to the Estimation of Strain Life Fatigue Parameters. Procedia 

Eng. 2010, 2, 417–426, doi:10.1016/j.proeng.2010.03.046. 

126. Heckel, T.K.; Christ, H.-J. Isothermal and Thermomechanical Fatigue of Titanium Alloys. Procedia Eng. 2010, 2, 845–854, 

doi:10.1016/j.proeng.2010.03.091. 

127. Tehrani, M.; Sarvestani, A. Effect of Chain Length Distribution on Mechanical Behavior of Polymeric Networks. Eur. Polymer J. 

2017, 87, 136–146, doi:10.1016/j.eurpolymj.2016.12.017. 

128. Pastukhov, L.V.; Kanters, M.J.W.; Engels, T.A.P.; Govaert, L.E. Physical Background of the Endurance Limit in Poly(Ether Ether 

Ketone). J. Polymer Sci. 2020, 58, 716–736, doi:10.1002/pol.20190091. 

129. Lugo, M.; Fountain, J.E.; Hughes, J.M.; Bouvard, J.-L.; Horstemeyer, M.F. Microstructure-Based Fatigue Modeling of an Acry-

lonitrile Butadiene Styrene (ABS) Copolymer. J. Appl. Polymer Sci. 2014, 131, doi:10.1002/app.40882. 

130. Opp, D.A.; Skinner, D.W.; Wiktorek, R.J. A Model for Polymer Fatigue. Polymer Eng. Sci. 1969, 9, 121–130, 

doi:10.1002/pen.760090208. 

131. Wang, G.-T.; Liu, H.-Y.; Saintier, N.; Mai, Y.-W. Cyclic Fatigue of Polymer Nanocomposites. Eng. Fail. Analysis 2009, 16, 2635–

2645, doi:10.1016/j.engfailanal.2009.04.022. 

132. Shrestha, R.; Simsiriwong, J.; Shamsaei, N. Fatigue Modeling for a Thermoplastic Polymer under Mean Strain and Variable 

Amplitude Loadings. Int. J. Fatigue 2017, 100, 429–443, doi:10.1016/j.ijfatigue.2017.03.047. 

133. Andrzejewska, A. Biomechanical Properties of 3D-Printed Bone Models. Biosystems 2019, 176, 52–55, doi:10.1016/j.biosys-

tems.2019.01.001. 

134. Shrestha, R.; Simsiriwong, J.; Shamsaei, N. Load History and Sequence Effects on Cyclic Deformation and Fatigue Behavior of 

a Thermoplastic Polymer. Polymer Test. 2016, 56, 99–109, doi:10.1016/j.polymertesting.2016.09.026. 

135. Hsu, Y.; Dimcic, B.; Gonzalez, M.; Bossuyt, F.; Vanfleteren, J.; Wolf, I.D. Reliability Assessment of Stretchable Interconnects. In 

Proceedings of the 2010 5th International Microsystems Packaging Assembly and Circuits Technology Conference, Taipei, Tai-

wan, 20–22 October 2010; pp. 1–4: doi:10.1109/IMPACT.2010.5699490 

136. Cataldi, P.; Dussoni, S.; Ceseracciu, L.; Maggiali, M.; Natale, L.; Metta, G.; Athanassiou, A.; Bayer, I.S. Carbon Nanofiber versus 

Graphene-Based Stretchable Capacitive Touch Sensors for Artificial Electronic Skin. Adv. Sci. 2018, 5, 1700587, 

doi:10.1002/advs.201700587. 

137. Maiti, R.; Gerhardt, L.-C.; Lee, Z.S.; Byers, R.A.; Woods, D.; Sanz-Herrera, J.A.; Franklin, S.E.; Lewis, R.; Matcher, S.J.; Carré, 

M.J. In Vivo Measurement of Skin Surface Strain and Sub-Surface Layer Deformation Induced by Natural Tissue Stretching. J. 

Mechan. Behav. Biomed. Mater. 2016, 62, 556–569, doi:10.1016/j.jmbbm.2016.05.035. 

138. Amjadi, M.; Pichitpajongkit, A.; Lee, S.; Ryu, S.; Park, I. Highly Stretchable and Sensitive Strain Sensor Based on Silver Nan-

owire–Elastomer Nanocomposite. ACS Nano 2014, 8, 5154–5163, doi:10.1021/nn501204t. 

139. Yi, S.-M.; Choi, I.-S.; Kim, B.-J.; Joo, Y.-C. Reliability Issues and Solutions in Flexible Electronics Under Mechanical Fatigue. 

Electron. Mater. Lett. 2018, 14, 387–404, doi:10.1007/s13391-018-0043-0. 

140. Duan, L.; D’hooge, D.R.; Cardon, L. Recent Progress on Flexible and Stretchable Piezoresistive Strain Sensors: From Design to 

Application. Prog. Mater. Sci. 2019, 100617, doi:10.1016/j.pmatsci.2019.100617. 

141. Conti, J.C.; Strope, E.R. Radial Compliance of Natural and Mock Arteries: How This Property Defines the Cyclic Loading of 

Deployed Vascular Stents. Biomed. Sci. Instrum. 2002, 38, 163–172. 

142. Mars, W.V.; Fatemi, A. Observations of the Constitutive Response and Characterization of Filled Natural Rubber Under Mon-

otonic and Cyclic Multiaxial Stress States. J. Eng. Mater. Technol 2004, 126, 19–28, doi:10.1115/1.1631432. 

143. Rajesh, R.; ER, S.; KS, P.; JC, C. Frequency Dependent Hysteresis of Silicone and Latex Mock Arteries Used in Stent Testing. 

Biomed. Sci Instrum 2005, 41, 163–168. 

144. Ayoub, G.; Zaïri, F.; Naït-Abdelaziz, M.; Gloaguen, J.M. Modeling the Low-Cycle Fatigue Behavior of Visco-Hyperelastic Elas-

tomeric Materials Using a New Network Alteration Theory: Application to Styrene-Butadiene Rubber. J. Mech. Phys. Solids 2011, 

59, 473–495, doi:10.1016/j.jmps.2010.09.016. 

145. Narynbek Ulu, K.; Huneau, B.; Verron, E.; Béranger, A.-S.; Heuillet, P. True Stress Controlled Fatigue Life Experiments for 

Elastomers. Int. J. Fatigue 2017, 104, 171–182, doi:10.1016/j.ijfatigue.2017.07.007. 

146. Amit, M.; Chukoskie, L.; Skalsky, A.J.; Garudadri, H.; Ng, T.N. Flexible Pressure Sensors for Objective Assessment of Motor 

Disorders. Adv. Funct. Mater. 2019, 1905241, doi:10.1002/adfm.201905241. 

147. Wang, T.; Ouyang, Z.; Wang, F.; Liu, Y. A Review on Graphene Strain Sensors Based on Fiber Assemblies. SN Appl. Sci. 2020, 2, 

862, doi:10.1007/s42452-020-2641-3. 

148. Lee, S.; Pharr, M. Sideways and Stable Crack Propagation in a Silicone Elastomer. Proc. Natl. Acad. Sci. USA 2019, 116, 9251–

9256, doi:10.1073/pnas.1820424116. 

149. Winkler, J.R.; Gray, H.B. Long-Range Electron Tunneling. J. Am. Chem. Soc. 2014, 136, 2930–2939, doi:10.1021/ja500215j. 

150. Heikenfeld, J.; Jajack, A.; Rogers, J.; Gutruf, P.; Tian, L.; Pan, T.; Li, R.; Khine, M.; Kim, J.; Wang, J.; et al. Wearable Sensors: 

Modalities, Challenges, and Prospects. Lab. Chip 2018, 18, 217–248, doi:10.1039/C7LC00914C. 



Materials 2021, 14, 4070 26 of 27 
 

 

151. Koydemir, H.C.; Ozcan, A. Wearable and Implantable Sensors for Biomedical Applications. Annu. Rev. Anal. Chem. (Palo Alto 

Calif) 2018, 11, 127–146, doi:10.1146/annurev-anchem-061417-125956. 

152. Wu, W. Stretchable Electronics: Functional Materials, Fabrication Strategies and Applications. Sci. Technol. Adv. Mater. 2019, 20, 

187–224, doi:10.1080/14686996.2018.1549460. 

153. Nag, A.; Mukhopadhyay, S.C.; Kosel, J. Wearable Flexible Sensors: A Review. IEEE Sensors J. 2017, 17, 3949–3960, 

doi:10.1109/JSEN.2017.2705700. 

154. Hanson, D.E.; Hawley, M.; Houlton, R.; Chitanvis, K.; Rae, P.; Orler, E.B.; Wrobleski, D.A. Stress Softening Experiments in Silica-

Filled Polydimethylsiloxane Provide Insight into a Mechanism for the Mullins Effect. Polymer 2005, 46, 10989–10995, 

doi:10.1016/j.polymer.2005.09.039. 

155. Liu, Y.; Wang, H.; Zhao, W.; Zhang, M.; Qin, H.; Xie, Y. Flexible, Stretchable Sensors for Wearable Health Monitoring: Sensing 

Mechanisms, Materials, Fabrication Strategies and Features. Sensors 2018, 18, 645, doi:10.3390/s18020645. 

156. Harito, C.; Utari, L.; Putra, B.R.; Yuliarto, B.; Purwanto, S.; Zaidi, S.Z.J.; Bavykin, D.V.; Marken, F.; Walsh, F.C. Review—The 

Development of Wearable Polymer-Based Sensors: Perspectives. J. Electrochem. Soc. 2020, 167, 037566, doi:10.1149/1945-

7111/ab697c. 

157. Jin, H.; Abu-Raya, Y.S.; Haick, H. Advanced Materials for Health Monitoring with Skin-Based Wearable Devices. Adv. Healthc. 

Mater. 2017, 6, 1700024, doi:10.1002/adhm.201700024. 

158. Rogers, J.A.; Someya, T.; Huang, Y. Materials and Mechanics for Stretchable Electronics. Science 2010, 327, 1603–1607, 

doi:10.1126/science.1182383. 

159. Whitesides, G.M. The Origins and the Future of Microfluidics. Nature 2006, 442, 368–373, doi:10.1038/nature05058. 

160. Horowitz, A.I.; Panzer, M.J. Poly(Dimethylsiloxane)-Supported Ionogels with a High Ionic Liquid Loading. Angew. Chem. Int. 

Ed. 2014, 53, 9780–9783, doi:10.1002/anie.201405691. 

161. Holm, R. Electric Contacts Theory and Application; Springer: Berlin/Heidelberg, Germany,1967; ISBN 978-3-642-05708-3. 

162. Yoo, S.; Barker, R.L. Comfort Properties of Heat-Resistant Protective Workwear in Varying Conditions of Physical Activity and 

Environment. Part I: Thermophysical and Sensorial Properties of Fabrics. Text. Res. J. 2005, 75, 523–530, 

doi:10.1177/0040517505053949. 

163. Nyoni, A.B.; Brook, D. The Effect of Cyclic Loading on the Wicking Performance of Nylon 6.6 Yarns and Woven Fabrics Used 

for Outdoor Performance Clothing. Text. Res. J. 2010, 80, 720–725, doi:10.1177/0040517508094093. 

164. Wang, X.; Kalali, E.N.; Wang, D.-Y. An in Situ Polymerization Approach for Functionalized MoS2/Nylon-6 Nanocomposites 

with Enhanced Mechanical Properties and Thermal Stability. J. Mater. Chem. A 2015, 3, 24112–24120, doi:10.1039/C5TA06071K. 

165. Jang, K.-I.; Han, S.Y.; Xu, S.; Mathewson, K.E.; Zhang, Y.; Jeong, J.-W.; Kim, G.-T.; Webb, R.C.; Lee, J.W.; Dawidczyk, T.J.; et al. 

Rugged and Breathable Forms of Stretchable Electronics with Adherent Composite Substrates for Transcutaneous Monitoring. 

Nat. Commun. 2014, 5, 4779, doi:10.1038/ncomms5779. 

166. Xu, R.; Jang, K.-I.; Ma, Y.; Jung, H.N.; Yang, Y.; Cho, M.; Zhang, Y.; Huang, Y.; Rogers, J.A. Fabric-Based Stretchable Electronics 

with Mechanically Optimized Designs and Prestrained Composite Substrates. Extrem. Mech. Lett. 2014, 1, 120–126, 

doi:10.1016/j.eml.2014.12.010. 

167. Edwards, J.V.; Prevost, N.T.; Condon, B.; French, A.; Wu, Q. Immobilization of Lysozyme-Cellulose Amide-Linked Conjugates 

on Cellulose I and II Cotton Nanocrystalline Preparations. Cellulose 2012, 19, 495–506, doi:10.1007/s10570-011-9637-5. 

168. Li, Y.-Q.; Huang, P.; Zhu, W.-B.; Fu, S.-Y.; Hu, N.; Liao, K. Flexible Wire-Shaped Strain Sensor from Cotton Thread for Human 

Health and Motion Detection. Sci. Rep. 2017, 7, 45013, doi:10.1038/srep45013. 

169. Ren, J.; Wang, C.; Zhang, X.; Carey, T.; Chen, K.; Yin, Y.; Torrisi, F. Environmentally-Friendly Conductive Cotton Fabric as 

Flexible Strain Sensor Based on Hot Press Reduced Graphene Oxide. Carbon 2017, 111, 622–630, doi:10.1016/j.carbon.2016.10.045. 

170. Raftoyiannis, I.G. Experimental Testing of Composite Panels Reinforced with Cotton Fibers. Open J. Comp. Mater. 2012, 2, 

doi:10.4236/ojcm.2012.22005. 

171. Chang, S.; Li, J.; He, Y.; Liu, H.; Cheng, B. A High-Sensitivity and Low-Hysteresis Flexible Pressure Sensor Based on Carbonized 

Cotton Fabric. Sensors Rep. A Phys. 2019, 294, 45–53, doi:10.1016/j.sna.2019.05.011. 

172. Muzaffar, S.; Abbas, M.; Siddiqua, U.H.; Arshad, M.; Tufail, A.; Ahsan, M.; Alissa, S.A.; Abubshait, S.A.; Abubshait, H.A.; Iqbal, 

M. Enhanced Mechanical, UV Protection and Antimicrobial Properties of Cotton Fabric Employing Nanochitosan and Polyure-

thane Based Finishing. J. Mater. Res. Technol. 2021, 11, 946–956, doi:10.1016/j.jmrt.2021.01.018. 

173. Li, Z.; Cheng, J.; Yang, X.; Liu, H.; Xu, X.; Ma, L.; Shang, S.; Song, Z. Construction of Antimicrobial and Biocompatible Cotton 

Textile Based on Quaternary Ammonium Salt from Rosin Acid. Int. J. Biol. Macromol. 2020, 150, 1–8, doi:10.1016/j.ijbi-

omac.2020.01.259. 

174. Maghimaa, M.; Alharbi, S.A. Green Synthesis of Silver Nanoparticles from Curcuma Longa, L. and Coating on the Cotton Fab-

rics for Antimicrobial Applications and Wound Healing Activity. J. Photochem. Photobiol. B Biol. 2020, 204, 111806, 

doi:10.1016/j.jphotobiol.2020.111806. 

175. Gonçalves, J.; Torres, N.; Silva, S.; Gonçalves, F.; Noro, J.; Cavaco-Paulo, A.; Ribeiro, A.; Silva, C. Zein Impart Hydrophobic and 

Antimicrobial Properties to Cotton Textiles. React. Funct. Polymers 2020, 154, 104664, doi:10.1016/j.reactfunctpolym.2020.104664. 

176. Lumbreras-Aguayo, A.; Meléndez-Ortiz, H.I.; Puente-Urbina, B.; Alvarado-Canché, C.; Ledezma, A.; Romero-García, J.; 

Betancourt-Galindo, R. Poly(Methacrylic Acid)-Modified Medical Cotton Gauzes with Antimicrobial and Drug Delivery Prop-

erties for Their Use as Wound Dressings. Carbohydr. Polymers 2019, 205, 203–210, doi:10.1016/j.carbpol.2018.10.015. 



Materials 2021, 14, 4070 27 of 27 
 

 

177. Shaheen, T.I.; Abd El Aty, A.A. In-Situ Green Myco-Synthesis of Silver Nanoparticles onto Cotton Fabrics for Broad Spectrum 

Antimicrobial Activity. Int. J. Biol. Macromol. 2018, 118, 2121–2130, doi:10.1016/j.ijbiomac.2018.07.062. 

178. Rehan, M.; Zaghloul, S.; Mahmoud, F.A.; Montaser, A.S.; Hebeish, A. Design of Multi-Functional Cotton Gauze with Antimi-

crobial and Drug Delivery Properties. Mater. Sci. Eng. C 2017, 80, 29–37, doi:10.1016/j.msec.2017.05.093. 

179. Wang, Y.; Yin, M.; Li, Z.; Liu, Y.; Ren, X.; Huang, T.-S. Preparation of Antimicrobial and Hemostatic Cotton with Modified 

Mesoporous Particles for Biomedical Applications. Colloids Surfaces B Biointerfaces 2018, 165, 199–206, 

doi:10.1016/j.colsurfb.2018.02.045. 

180. Mani, S.; Anbumani, N. Dynamic Elastic Behavior of Cotton and Cotton / Spandex Knitted Fabrics. J. Eng. Fibers Fabrics 2014, 9, 

155892501400900100, doi:10.1177/155892501400900111. 

181. Mattana, G.; Cosseddu, P.; Fraboni, B.; Malliaras, G.G.; Hinestroza, J.P.; Bonfiglio, A. Organic Electronics on Natural Cotton 

Fibres. Org. Electron. 2011, 12, 2033–2039, doi:10.1016/j.orgel.2011.09.001. 

182. Lam, C.L.; Rajdi, N.N.Z.M.; Wicaksono, D.H.B. MWCNT/Cotton-Based Flexible Electrode for Electrocardiography. In Proceed-

ings of the 2013 IEEE Sensors, Balitimore, MD, USA, 3–6 November 2013; pp. 1–4, doi:10.1109/ICSENS.2013.6688179. 

183. bin Ahmad, M.A.S.; Harun, F.K.C.; Wicaksono, D.H.B. Hybrid Flexible Circuit on Cotton Fabric for Wearable Electrocardiogram 

Monitoring. In Proceedings of the 2017 International Electronics Symposium on Engineering Technology and Applications (IES-

ETA), Surabaya, Indonesia, 26–27 September 2017; pp. 217–222, doi: 10.1109/ELECSYM.2017.8240406 

184. Yapici, M.K.; Alkhidir, T.E. Intelligent Medical Garments with Graphene-Functionalized Smart-Cloth ECG Sensors. Sensors 

2017, 17, 875, doi:10.3390/s17040875. 

185. Ankhili, A.; Tao, X.; Cochrane, C.; Koncar, V.; Coulon, D.; Tarlet, J.-M. Comparative Study on Conductive Knitted Fabric Elec-

trodes for Long-Term Electrocardiography Monitoring: Silver-Plated and PEDOT:PSS Coated Fabrics. Sensors 2018, 18, 3890, 

doi:10.3390/s18113890. 

186. Saleh, S.M.; Jusob, S.M.; Harun, F.K.C.; Yuliati, L.; Wicaksono, D.H.B. Optimization of Reduced GO-Based Cotton Electrodes 

for Wearable Electrocardiography. IEEE Sensors J. 2020, 20, 7774–7782, doi:10.1109/JSEN.2020.2981262. 

187. Parker, E.; Freeman, C.; Persons, K.; Burch, R.; Ball, J.; Saucier, D.; Middleton, C.; Peranich, P.; Chander, H.; Knight, A.; et al. 

Deterioration of Textile vs. Electronic Components over Time in Athletic Wearable Devices. In Proceedings of the Smart Bio-

medical and Physiological Sensor Technology XVIII, Online, 12 April 2021; Volume 11757, p. 1175702, doi:10.1117/12.2587975 

188. Thostenson, E.T.; Chou, T.-W. Carbon Nanotube Networks: Sensing of Distributed Strain and Damage for Life Prediction and 

Self Healing. Adv. Mater. 2006, 18, 2837–2841, doi:10.1002/adma.200600977. 

189. Kobayashi, N.; Izumi, H.; Morimoto, Y. Review of Toxicity Studies of Carbon Nanotubes. J. Occup. Health 2017, 59, 394–407. 

190. Ou, L.; Song, B.; Liang, H.; Liu, J.; Feng, X.; Deng, B.; Sun, T.; Shao, L. Toxicity of Graphene-Family Nanoparticles: A General 

Review of the Origins and Mechanisms. Part. Fibre Toxicol. 2016, 13, 57, doi:10.1186/s12989-016-0168-y. 

191. Wang, J.; Suzuki, R.; Ogata, K.; Nakamura, T.; Dong, A.; Weng, W. Near-Linear Responsive and Wide-Range Pressure and 

Stretch Sensor Based on Hierarchical Graphene-Based Structures via Solvent-Free Preparation. Polymers 2020, 12, 1814, 

doi:10.3390/polym12081814. 

 


