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Flexible sensors based on the highly elastic Polyurethane (PU)-containing textile substrates have been frequently
incorporated in enormous wearable applications. However, the desirable sensing properties such as stable sen-
sitivity, small hysteresis and good repeatability depend on the mechanical resilience of the textile substrates.
This paper conducts a systematic investigation into the mechanical hysteresis of the PU-containing textile sub-
strates, from fibers to yarns and then fabrics. The impact of fiber materials, yarn structures, and fabric construc-
tions on the overall tensile properties of the PU-containing substrates were examined. It was found that fibers of
high elasticity, stable yarn structure with excellent recovery, as well as appropriate fabric construction are effec-
tive to reduce the mechanical hysteresis of the textile substrates. Coated strain sensors based on different sub-
strates were then fabricated. Results show that smaller mechanical hysteresis of the PU-containing substrates
generally led to lower electromechanical hysteresis and better repeatability of sensors. This paper gives all-
round consideration of the fibers and structure features of substrates to provide recommendation for reducing
mechanical and electromechanical hysteresis of sensors based on PU-containing textiles and benefiting the de-
sign and optimization of other flexible sensors.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Textiles are favorable supporting substrates for wearable applica-
tions. Due to the merits of light weight, excellent permeability, wash-
ability, flexibility, as well as comfortability and deformability to
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conform the curved human bodies [1–3], textile substrates have been
successfully integrated in enormous flexible electronics. Fabric elec-
trodes [4–6], circuits [7–10], transistors [11], antennas [12,13], sensors
and actuators [14–19], energy harvesting units [20,21], as well as con-
version and storage systems [22–25], have together initiated vast appli-
cations such as continuous and long-term health monitoring system
[26–28], human-machine interaction [29–31] andmulti-functional arti-
ficially electronic skin [4,32–34], etc..

As substrates of flexible electronics, textiles are required to return to
initial state in idle, which is generally realized by adopting looped knit-
ted structure, as well as incorporation of elastomeric fabrics/yarns/fi-
bers. For instance, the polyurethane (PU) yarns have been broadly
used in the textile industry tomanufacture various elastic yarns and fab-
rics [35]. Commercial PU yarns are capable of being elongated over 100%
strain and sustain a superior fatigue life of over 1,000,000 cycles at 20%
strain. Due to high stretchability, flexibility, durability, biocompatibility,
and lightweight, PU yarns have been boosting the designs and applica-
tions of a variety of wearable or flexible sensors. For instances, PU
yarns have been incorporated in substrates to achieve elastic fabric cir-
cuit (boards) and stretchy sensors [4,36–38], either for health care
[39,40] or provide feedback to facilitate sports training [41–43]. As car-
rier of the functional materials, textile substrates not only affect me-
chanical resilience of the textile electronics, but also have a strong
impact on the stability of the electromechanical sensing behaviors
[44]. Besides the interaction between the textile substrates and the
functional materials [24], published works reveal that fabric-based
wearable sensors have been suffering from hysteretic response owing
to viscoelastic nature of the textile materials, which impairs the accu-
racy of the sensors especially during dynamic loading. In particular,
the fabric strain sensors based on PU-containing knitted fabrics have
been extensively studied [14–17,45,46] for the approximately linear re-
sponse to strain, large strain range that can fully cover all human skin
elongation of 3% to 54%, satisfactory gauge factor [47], as well as excel-
lent durability especially under a large deformation [48]. However, the
sensors consistently suffer from larger hysteresis and poor repeatability
due to the viscoelastic nature of the fabric/fiber substrates and the con-
ductive material [49]. Hence, in terms of optimizing the sensing perfor-
mance, it's demanding to analyze the viscoelasticity of textile substrates,
as well as specify the factors related to mechanical and electromechan-
ical hysteresis of textile sensors.

Since the electromechanical behavior of the coated sensor has been
reported as influenced by mechanical property of the textile substrates
[50,51], mechanical hysteresis of the textile substrates will be primarily
studied, for which several aspects are to be considered. First, inherent
raw fibermaterials, i.e., the PU yarns are hysteretic due to the character-
istic interchange ofmicro-phases between hard and soft segmentswhile
being cyclically stretched. Secondly,mechanical properties of yarnmate-
rials significantly altered before and after disappearances of yarns
crimps during elongation [52]. Third, when yarns are straightened,
more contact points andhigher compression amongfibers lead to higher
friction [53,54], which takes more time of the whole structure to recov-
ery [55,56]. Hence, it can be qualitatively suggested that the mechanical
hysteresis of textile substrates depends on both the amount of elastic
material incorporated and the structural design of the textiles [57,58].

To specify the factors related to themechanical hysteresis of the tex-
tile substrates, this paper will conduct a systematic investigation into
the mechanical hysteresis of the PU-containing textile substrates and
provide recommendations for lowering the electromechanical hystere-
sis of coated strain sensors. The following work specify in series the ef-
fects of fiber materials, yarn structures, and fabric constructions on the
overall tensile behavior of the elastic textiles, including bare and hybrid
PU yarns and PU-containing knitted fabrics [53]. Recommendations on
lowering the mechanical hysteresis of the fabric substrates will be
made according to the experimental results and analysis. Then, coated
strain sensors based on the textile substrates, i.e., bare PU yarns, hybrid
PU yarns and PU-containing fabrics, will be prepared by coating
conductive nanomaterials on the substrates and characterized. The ob-
served effects of fiber material and structure of the substrates on me-
chanical hysteresis will be further considered to reduce the
electromechanical hysteresis of the sensors. This study will help re-
searchers to understand the effects of structures, materials and the in-
teraction within on the mechanical and electromechanical properties
of coated textile strain sensors based on PU-containing textiles, and pro-
vide a practical reference on the design and optimization of other elastic
fabrics and sensor products.

2. Materials and experiments

2.1. Selection of PU-containing textiles

Commercial PU yarns with different linear densities ranging from
40D to 840D were bought from Invista Co., Ltd., Guangzhou, China.
One layer of polyamide (PA) multifilaments were wrapped around PU
yarns in onedirectionwith a direct twistingdevice (provided by Zhende
Medical Co., Ltd., Shaoxing, China), forming the single-covered hybrid
yarns, which were further covered by a second layer of PA filaments
wrapped in the opposite direction to make the double-covered hybrid
yarns. Totally 26 knitted fabric samples consisting of bare or hybrid PU
yarns were randomly purchased from the market.

2.2. Fabrication of PU-containing textile strain sensors

Strain sensors based on PU-containing textile substrates were fabri-
cated through 2 ways of coating. PPy conductive materials were coated
on the yarn-type substrates, i.e., PU and hybrid PU yarns, through chem-
ical treatments. The yarns were firstly alkali-treated with NaOH solu-
tion, then immersed in a mixed solution of pyrrole, anthraquinone-2-
sulfonic acid sodium salt (AQSA), and FeCl3, where in-situ polymeriza-
tion was carried out, and finally dried in an oven. For fabric substrates,
composite of carbon nano-particle (CNP)/silicone elastomer (SE)/sili-
cone oil (SO) was uniformly printed on target side with a screen print-
ing machine (Guangdong Ever Bright Printing Machine Fty Ltd.,
Guangzhou, China), whose mesh size of screen was 1000 holes per
square inch. The coated fabric sensors were then cured at 100 °C for 1 h.

2.3. Characterization

Tensile test of the selected elastic PU-containing textile substrates
(PU, hybrid PU and PU-containing fabric) was conducted under room
temperature of 20 °C and a relative humidity of 65%. The samples
were clamped and cyclically stretched by a YG026MB electronic fabric
strength tester (Wenzhou Fang Yuan Instrument Co. Ltd., Wenzhou,
Zhejiang, China). The gauge length and tensile velocity for yarns was
set to 50mmand 200mm/min, respectively. Themechanical hysteresis
of the samples H was obtained from the last cycle of the tension-strain

curve and determined using the equation of H ¼
jFε0up−Fε0downjmax

Fmax−Fmin
� 100ð%Þ, where |Fε 0up − Fε 0down|max is the largest

difference of the tension for same strain between the uploading and
down-loading conditions, Fmax and Fmin are the upper and lower limits
of measured tension, respectively.

Sensing behavior of the yarn- and fabric-based strain sensorswas in-
vestigated with the exactly same experimental setup aforementioned.
Since the sensing area of the fabric sensors in this work was
20 mm ∗ 20 mm, the gauge length and corresponding testing speed
for PU-containing fabricswas chosen as 20mmand90mm/min, respec-
tively. The resistance of the coated strain sensors was acquired and re-
corded continuously by Agilent 34970A (Agilent Technologies Inc.,
USA). The electrical hysteresis of the coated strain sensorsHswas deter-

mined as Hs ¼
jRε0up−Rε0downjmax

Rmax−Rmin
� 100ð%Þ, where |Rε0up − Rε0down|max
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is the maximum difference of the resistance at same strain between the
uploading and downloading phases, Rmax and Rmin represent the highest
and lowest electrical resistances, respectively.

Meanwhile, the repeatability of sensors, which describes the ability
of a sensor to repeat the observations for same load of strain, was also

evaluated byδR ¼ σRmax

Rmax−Rmin
� 100ð%Þ, where σRmax

is the variation of

electrical resistance at the maximum strain among the first 10
loading-unloading cycles. According to the equation, the less δR is, the
better repeatability the sensor has. δR was used as representation of re-
peatability of coated textile sensors since it characterize the variation of
resistance at the maximum strain, which is related to the shift errors of
observations at the maximum strain.

The morphology and structural variations of the samples during de-
formation were tracked through SEM observations made by the TM-
3000 scanning electron microscope (Hitachi, Tokyo, Japan), prior to
which the specimenswere prepared by firstly freeze-fracturing in liquid
nitrogen, then a gold coating.

3. Results and discussion

3.1. Hysteresis of bare and hybrid PU yarns

Commercial PU yarns used in this work are of different linear densi-
ties ranging from 40D to 840D, low in Young's modulus and support
large elongation of as high as 500% strain. Schematic diagram of wrap-
ping PA on PU yarns is demonstrated in Fig. 1a. Compared to the
single-covered hybrid yarns, the number of coils per unit length of the
double-covered yarns was doubled, which significantly reduced the ex-
posed portion of the core PU yarns. More importantly, the double-
covered hybrid PU yarns were more convenient for applications with-
out pre-stabilization, since the tensions induced by wrapping were bal-
anced in length direction according to the setup. Fig. 1b gives an
overview of the selected bare PU and hybrid PU yarns with different lin-
ear densities. Cyclic tensile tests of the PU and hybrid PU yarns were
conducted. The specimens were firstly pretreated by 5 loading-
unloading cycles within the strain range of 0–80% to stabilize the me-
chanical property and then calibrated by 10 cycles of stretch within
0–60% strain. The maximum strain of 60% for calibration is chosen ac-
cording to the reported extension range of human skin as from 3% to
55% [59]. The tension and axial strain were recorded simultaneously
during the test. The tension-strain curves of both bare PU and hybrid
PU yarns for the last calibration cycle were plotted in Fig. 2. The reason
for selecting the last loop is that, internal frictions of the macromolecu-
lar chains among fibers and yarns tended to be smaller and more stable
after repeated orientation rearrangement (stretching),which could lead
to stable tension-strain curve and smaller mechanical hysteresis.

It can be observed from Fig. 2a that, the tension of all the bare PU
yarns increased almost linearly with strain. Since tensile stress of the
Fig. 1. Selected PU yarns. (a) Schematic diagram of wrapping PA on PU yarns to
purchased PU can be considered as a constant value of 0.05cN/tex, the
difference in tension at same strain can be attributed to variant fineness.
Mechanical hysteresis of yarnswas observed from the Fig. 2a) and plot-
ted in Fig. 2g. It can be found that mechanical hysteresis of the bare PU
yarns with diverse linear densities were close to each other, ranging
from 2.52 ± 0.35% to 3.81 ± 0.71%, indicating the tensile hysteresis is
dominated by the nature of material itself, other than their fineness.

Fig. 2b-f further displays the similar approximately linear tension-
strain curves of the hybrid PU yarns. However, stiffness of hybrid PU
yarns can be found as a little smaller than that of bare PU samples,
which is believed caused by the crimped structure of PU core in hybrid
PU yarns. Two more findings were observed. First, linear relationship
was observed between the mechanical hysteresis and sheath-core fine-
ness ratio (defined byR=(Dlayer1 + Dlayer2)/Dcore, where Dlayer and Dcore

are deniers of the sheath and core, respectively), which can be well-
fitted by the linear form of H = 4.47R + 3.68, and the r2 was observed
as high as 0.991. This result suggests lowering the sheath-core fineness
ratiowould help to reduce themechanical hysteresis of hybrid PU yarns.
Moreover, samples with same fineness ratio and linear densities of
420D/40D/20D were found with lower mechanical hysteresis than
that with linear densities of 280D/20D/20D. The reason can be attrib-
uted to stable structure established by more rigid coarse PU core,
which reduced the possibility of relative slip between the fibers and
the yarn. Secondly, better coverage of the wrapped layers tended to
lead to smaller hysteresis of the PU yarns. As shown in table S1, theme-
chanical hysteresis of the samples with larger twist of the PA filaments
was found below themean value (7.29%) of all the hybrid PU yarns and
vice versa. To understand this, suppose PA filaments with minor diam-
eters were evenly winded around the PU core in a helical pattern with
a constant twist T. The helical angle β can be determined by tanβ =
2πrT, where r is the radius of the core. When stretched, both the PU
core and PA filaments of the hybrid PU yarns were elongated and de-
formed, which caused relative slipping between them back and forth
during loading and unloading phases, respectively. Generally, longer
slipping distances means longer time under dynamic friction, which
takes longer time for yarns to recover/approach the initial status. It
can be figured that slipping distance of PA filaments along core PU
yarn is smaller for hybrid PU yarns with a higher coverage, and longer
for that with a smaller coverage. To understand this result, consider a
constant strain applied on the hybrid PU yarns in Fig. 2i, the total con-
sumed energy W by assumed constant friction during the slipping of a

single coil can be given as W ¼ f � R 2πr
0 x � ð 1

tanβ0 −
1

tanβ
Þdx ¼ 2fπr2ε

tanβ
,

where f is the friction assumed to be constant here, β′ is the helical
angle when a strain of ε is applied to the yarns. It can be easily seen
that the consumed energy is a decreasing function of helical angle β.
This could explain that the double-covered hybrid PU yarns were ob-
served with a lower hysteresis value of 6.76 ± 1.05% while that of the
single-wrapped ones were determined as 8.89 ± 1.35%.
form hybrid PU yarns. (b) Linear density of bare PU and hybrid PU yarns.



Fig. 2. Tensile properties of the bare and hybrid PUyarns. (a) Tension-strain curves of the bare PUyarns; (b)–(f) Tension-strain curves of thehybrid PUyarnswith different linear densities;
(g) Mechanical hysteresis of the bare PU and hybrid PU yarns; (h) Hysteresis-fineness relation of the hybrid yarns; (i) Yarn twisting of the hybrid yarns.

Fig. 3. Different knitted structures (A1-Plain; A2-Rib; A3-Fleecy; B1-Tricot; B2-Cord; B3-Inlay) of the selected elastic PU-containing fabrics.
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3.2. Hysteresis of PU-containing fabrics

Totally 26 pieces of PU-containing knitted fabrics were randomly
purchased. The constructions and specifications of the samples are plot-
ted in Fig. 3 and listed in table S2. All the samples were grouped into
weft- and warp-knit fabrics, termed as A and B, respectively. Samples
of group A were fabricated by knitting or inlaying the elastic PU yarns
into the fabric along the weft case, while for samples of B group, the
elastic yarns were fed into the constructions in the warp direction
[60]. All fabric samples incorporated PU yarns as the core, which were
mixed with hybrid yarns covered by of PA, polyester (PET) filaments
or cotton (C) yarns. Tensile tests were carried out in both wale and
course direction of the PU-containing elastic fabrics except A3 and B3
samples, which were designed with anisotropic elasticity between hor-
izontal and vertical directions. Tension-strain curves of all the speci-
mens along both directions were observed and shown in Fig. 4.

Fig. 4a-d present nonlinear tension-strain curves in similar shape
corresponding to fabrics A1, A2, B1, and B2 in both directions regardless
of differences in constructions and fabric densities. It can be found that
except for 1st cycle, the tension-strain curves of 2nd and later cycles
showed acceptable repeatability. As indicated by tension, stiffness of
fabrics differed during stretch (caused by different deformation styles),
between thewale and course cases, as well as among different samples,
which is believed due to the various fiber materials, geometrical struc-
tures and fabric densities. Higher hysteresis (as plotted in Fig. 5a) of
about 15.52 ± 2.87% was observed compared to the PU yarns. In con-
trast, tension-strain curves of A3 and B3 samples (fleecy and inlay struc-
tures) with in-laid PU yarns were found approximately linear,
indicating that PU yarns dominated the mechanical property of these
two fabrics. Moreover, comparatively smaller mechanical hysteresis
values of 10.43 ± 4.01% and 10.79 ± 1.43% were observed for A3 and
B3 samples, respectively.

To reveal the underlying mechanism of A3 and B3 samples' lower
mechanical hysteresis, morphological parameters of the fabrics during
loading and unloading phaseswere examinedwithmicroscopic images.
Fig. 4. Tension-strain curves of the PU-containing fabrics with different constructions, i.e
For fleecy fabric (Fig. 5b), the changes in width (wale spacing), height
(course spacing), length of the limb as well as angle of the fabric
under strains of 0%, 40%, 60% and without external load were plotted
in Fig. 5d-f. The initial width of loops of the fleecy fabric was as dense
as 461 ± 72 μm, which was believed induced by the pre-tension pro-
vided by hybrid PU yarns along transverse direction. The course spacing,
wale spacing and the angle increased monotonically, while limb length
first increased and then slightly decreased. The overall increment in
loop length showed that ground yarn and laying-in PU yarn were
lengthened simultaneously and hence reduced the possibility of trans-
fer of yarns and slipping of interlacing point, which decreased the
tension-strain hysteresis of the knitted fabrics. For inlay fabrics
(Fig. 5c), wale spacing, course spacing, as well as loop pillar angle
were compared among different applied strains in the wale wise and
plotted in Fig. 5g–i. The stitch loops tend to conform to the direction
of tension, causing the increment in course spacing and reduction in pil-
lar angle, while themaintained wale spacing can be attributed to excel-
lent transverse stability of the fabric. Hence, the elastic yarns and
inelastic yarns undertook load/deformation and stabilized the fabric
structure in transverse direction, respectively. This division of labor
can largely prevent the slipping of interlacing point during stretching,
and effectively reduce mechanical hysteresis.

3.3. Hysteresis from PU yarns to fabrics

A clear trend of increasing hysteresis from bare PU to hybrid PU
yarns and then to the whole PU-containing fabrics can be observed
from above. To study the ‘transmission’ of mechanical hysteresis
through different levels of textile substrates, themethod of multivariate
correlation analysiswas implemented. Fleecy fabric (A3)was chosen for
demonstration, where comparison was made among hysteresis of the
whole fabric, ground fabric, inlaid hybrid PU yarn, as well as bare PU
core. Eight types offleecy fabricswith different densitieswere randomly
purchased. Most of the looped and inlaid yarns of the fabrics employed
PU/PA hybrid yarns while the rest use bare PU yarns (Table S3). Cyclic
., A1-plain (a); A2-rib (b); B1-tricot (c); B2-cord (d), A3-fleecy (e), and B3-inlay (f).



Fig. 5.Hysteresis of the PU-containing fabrics and their influential structural factors. (a) Hysteresis of all the fabrics; (b–c) Geometrical configurations of the fleecy and inlay fabrics. (d–f)
Changes in geometrical parameters of the loops in the fleecy fabric. (g–i) Changes in geometrical parameters of the loops in the inlay fabric.
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tensile tests were conducted on samples, using the same protocol as
aforementioned.

Mechanical hysteresis of the fleecy fabric samples were calculated
and plotted in Fig. 6a. It can be easily seen thatmechanical hysteresis in-
creased from the bare PU yarns, to hybrid PU yarn, fleecy fabrics, and
ground fabric. The averaged mechanical hysteresis were observed as
2.80 ± 2.25%, 4.16 ± 1.42%, 7.31 ± 2.25% and 24.03 ± 4.75%, for bare
Fig. 6.Mechanical hysteresis (a) and its correlation an
PU yarns, hybrid PU yarns, fleecy fabric and ground jersey fabric (larg-
est), respectively. Pearson correlation coefficients and significances
was calculated and summarized in Fig. 6b. Three conclusions can be
drawn. First, the mechanical hysteresis of the PU yarns dominated the
mechanical hysteresis of thefleecy fabric since therewas a strong corre-
lation between them at the 0.05 level. Second, another significant corre-
lation between mechanical hysteresis of the PU core and hybrid PU
alysis (b) of the different PU-containing textiles.
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yarns can also be found at the level of 0.01. Third, no obvious correlation
between the mechanical hysteresis of ground fabric and that of the
other three levels of textiles was found, although the involvement of
the looped yarns is believed to have increased themechanical hysteresis
of the whole fabric. Fig. 6b further indicates that the PU yarns and inlaid
hybrid PU yarns undertook most tension when the whole fabric was
stretched, making the tensile properties of the whole fabric close to
that of the inlaid yarn. Hence, it can be concluded that lowering theme-
chanical hysteresis of hybrid PU yarn can effectively reduce the me-
chanical hysteresis of the whole fabric.
3.4. Electromechanical hysteresis of coated sensors based on textile
substrates

Textile strain sensors fabricated by printing or depositing strain-
sensitive materials, usually electrically conductive fillers, including
metal nanowires [61], conducting polymers [62–65] and carbon (or
graphite)-based conductive composites [64–67], on textile substrates
(elasticfiber, yarn or fabrics) have been frequently studied. In particular,
PU-containing textile substrates have been proven effective to improve
the resilience and elasticity of the textile-based sensors. In this work,
two commercially available conductive composites were utilized as
Fig. 7. Coated strain sensors on PU-containing textile substrates. (a–c) SEM images of the bar
resistance versus strain of the three sensors. (g–i) Hysteresis of each kind of sensors.
sensing materials, i.e., polypyrrole (PPy) and carbon nano-composites.
Both materials were low-cost, environmentally friendly and with suffi-
ciently high electrical conductivity to produce desirable variation in re-
sistance under directional load of strain. Bare PU yarns of 840D, hybrid
PU yarns (420D/40D/20D) and elastic knitted fabrics with compara-
tively lower tensile hysteresis were chosen as substrates of textile strain
sensors. Fabrications of the coated strain sensors were conducted as
aforementioned in the methods section. Fig. 7a-c present SEM images
of different textile substrates and corresponding coated strain sensors,
respectively. Conductive material can be observed almost evenly dis-
tributed on the surface of the PU yarns, PU and PA filaments, as well
as the fabric surface.

To determine the mechanical-electrical hysteresis, the coated strain
sensors were pretreated and calibrated using same protocols as previ-
ously mentioned. The electrical resistance, tension, and axial strain
were measured and recorded simultaneously. Fig. 7d-f show the typical
curves of tension-strain and resistance-strain of the coated sensors. All
the three sensors revealed approximately linear tension-strain rela-
tions. However, unlike the linear resistance-strain curve of fabric-
based sensors, electrical resistance of the yarn-based sensors increased

nonlinearly with applied strain. Gauge factor (GF ¼ ΔR=R
ε

, where, GF is

gauge factor, ΔR is increment of the electrical resistance at the applied
e PU (a), hybrid yarns (b) and fabrics (c) and their resultant sensors. (d–f) Tension and
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strain ε) of PPy coated yarn-based sensorswere larger before 30% strain,
and rapidly decreased after, compared to the stable value of 3.67 for
fabric-based sensors. The possible reasons for this result may be ad-
dressed to different sensing mechanisms for yarn-based and fabric-
based sensors, which are further induced by the type of materials,
micro/nanostructures, and fabrication process.

Tensile hysteresis were obtained from samples for each kind of sen-
sors and plotted in Fig. 7g-i. Two primary conclusions can bemade. First,
for each type of sensors, lower mechanical hysteresis of the textile sub-
strates generally led to smaller mechanical-electrical hysteresis of their
resultant sensors, indicating that the sensing performance of textile-
based sensors was highly affected by the mechanical properties of the
textile substrates. Second, despite the similar mechanical hysteresis
among different textile substrates, comparatively higher hysteresis of
the PPy-coated yarn sensors were observed, showing that other factors
such as interfacial binding between conductivematerials and substrates
may be influencing the electromechanical hysteresis. To prove this, we
considered the equivalent electrical resistance R of the conductive com-

posite based on tunneling current [68],R ¼ ðL
N
Þ 8πhs
3a2γe2

expðγsÞ, where R

is the equivalent resistance of the composite; L is the number of
conductive particles forming a single conductive path parallel to the
conductive direction; N is the number of conductive pathways; h is
the Plank's constant; s is the least distance between conductive particles
or domains; a2 is the effective cross-sectional area in which the tunnel-
ing current passes through; e is the electron charge, and γ is defined as

γ ¼ 4π
h

ffiffiffiffiffiffiffiffiffiffiffi
2mφ

p
, inwhichm is the electronmass andφ is the height of po-

tential barrier between adjacent conductive particles. This equation
generally governs the correlation between elongation and resistance
for conductive material based on composites with conductive particles
inside. Since γ N 0, the equivalent electrical resistanceR is actually a con-
vex function of elongation s with an increasing gauge factor, while the
real observed curves of strain-resistance for the yarn sensors are con-
cave (Fig. 7d and e, gauge factor is decreasing during loading). The ob-
servation of resistances' being ‘insensitive’ to elongation indicates that,
there are either detachment of coated sensing materials on disparate
time scales or cracks controlled by strain field on the surface of yarns,
both effect the interaction between materials and could be caused by
ubiquitous frictional sliding among fibers and PU core yarns during
stretching. In contrast, the fabric strain sensors in Fig. 7f shows linear re-
sponse of resistance (slight convex), whichmay be attributed to a more
stable support and solid contact provided by fabrics, which are of higher
dimension than yarns. Hence, it can be concluded that hysteresis was
mainly caused by not only the viscoelastic nature of textiles but also
the interaction between nanomaterial fillers and substrates [55]. Actu-
ally, the deformation of microscopic morphology of the coatedmaterial
on substrates, which is affected by the bonding conditions between the
2 components, determines the sensing mechanism of those textile sen-
sors.When the coatedmaterials are ideally firmly adhered to fabric sub-
strates, resistance variations are then exclusively caused by the
geometric deformation of the fibers. In this scenario, the strain-
resistance property of the sensors is governed by the tunneling theory
as elaborated above. However, when cracks, slippage and buckling
occur on the coated materials, the ‘switch effect’ takes over the resis-
tance change. The resistance of the whole sensing network increases
and decreases as the in-location ‘switches’ disconnects and re-
connects caused by loading and unloading phases of elongation. For
sensors in this work, there is a mixture of the above 2 sensing mecha-
nisms, details of which would be explored in detail by another related
paper of us.

Furthermore, the repeatability of the coated sensors (δR), was ob-
served as 25.01%, 20.68% and 19.56% respectively for No. 1–3 PU sensors,
which were generally correlated with the electromechanical hysteresis
of the corresponding PU sensors (36.68%, 26.17% and 17.60%, as demon-
strated in Fig. 7g). Similar correlation can be obtainedwith the observed
repeatability of 24.36%, 20.61%, 21.45%, 19.26% and 19.81% for wrapped
PU sensors No. 1–5. The finding is theoretically reasonable, since both
repeatability and mechanical/electromechanical hysteresis are caused
by the viscoelasticity of component materials, only that the former re-
flects chronic variation in resistance among multiple cycles while the
latter reveals the discrepancy during one single cycle. However, for fab-
ric sensors whose electromechanically hysteresis are mainly lower than
10%, no such correlation between repeatability and hysteresis was
found (repeatability were observed as 9.69%, 11.34%, 8.07%, 7.65% for
fabric sensors No. 1–4). It's believed that the more complex structure
and different sensing mechanism of the fabric sensors led to this result.

4. Conclusion

This paper delivers a systematic investigationwith both experimen-
tal and theoretical analysis on the mechanical hysteresis of the PU-
containing textile substrates as well as electromechanical hysteresis of
the corresponding coated sensors.

Through tracking along tensile properties of barn PU yarns, hybrid
PU yarns, to PU-containing fleecy fabrics and ground fabrics, several
findings were observed. First, bare PU yarns with a large difference in
linear densities ranging from 40D to 840D were found with similar
and small mechanical hysteresis, showing that the tensile hysteresis is
determined by the nature of PUmaterial itself and has little/weak corre-
lation with their fineness. Further, lowering the sheath-core fineness
ratio will be effective to reduce the mechanical hysteresis of hybrid PU
yarns. Moreover, sufficient coverage of the PU corewithwrapped layers
could also effectively prevent the energy consumed during relative slid-
ing between core and wrapping layers, hence will also reduce the me-
chanical hysteresis of the hybrid PU yarns. Elastic fabrics of fleecy and
inlay structures demonstrated a favorable linear tension-strain curves
and comparatively smaller mechanical hysteresis since intrinsic PU
yarns bore the tension. According to multivariate correlation analysis,
hysteresis of the PU core was found dominating the hysteresis of the
fleecy fabric, while lowering the tension-strain hysteresis of hybrid
yarn would be effective to reduce the hysteresis of the whole fabric.

Yarn-based and fabric-based coated strain sensors were fabricated.
Since lower mechanical hysteresis of the textile substrates generally
led to smaller electromechanical hysteresis of their resultant sensors,
it's recommended to lower the mechanical hysteresis of PU-containing
substrates according to the above findings. Aside from viscoelastic na-
ture of textiles, complex interaction between coated sensing materials
and substrates was also specified as important reason for electrome-
chanical hysteresis of the sensors.

The findings of this work can provide a practical reference on the in-
corporation of PU-containing textile substrates in textile-based elec-
tronics for wearable applications. It can be summarized from the
above analysis of influencing factors of the tensile hysteresis of knitted
fabrics that, fiber material with high elasticity, the yarn structure with
stable mechanical properties and excellent recovery, and appropriate
fabric structural parameters are crucial to reduce themechanical hyster-
esis of the substrates. Moreover, methodology and results of this study
will also help the understanding of structure features, mechanical prop-
erties, and their interaction involved in textile substrates and the
textile-based sensors.
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