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Highly sensitive and extremely durable wearable

e-textiles of graphene/carbon nanotube
hybrid for cardiorespiratory monitoring

Sirui Tan,"? Shaila Afroj,>* Daigi Li,"? Md Rashedul Islam,® Jihong Wu,'? Guangming Cai,"? Nazmul Karim,>*

and Zhong Zhao'?4*

SUMMARY

Electroconductive textile yarns are of particular interest for their use as flexible
and wearable sensors without compromising the properties and comfort of usual
textiles. However, the detection of fine actions of the human body is quite chal-
lenging since it requires both the relatively higher sensitivity and stability of the
sensor. Herein, highly sensitive, ultra-stable, and extremely durable piezoresis-
tive wearable sensors were prepared by loading N-doped rGO and polydop-
amine-coated carbon nanotubes into silicon rubber tube. The wearable sensors
thus produced show an excellent ability to sense subtle movement or stimuli
with good sensitivity and repeatability. Furthermore, by bending the straight
conductive silicon rubber tube (CSRT) into three different patterns, its sensitivity
was then dramatically increased. Finally, the CSRT was found capable of sensing
cardiorespiratory signals, indicating that the sensor would be an important step
toward realizing bio-signal sensing for next-generation personalized health care
applications.

INTRODUCTION

Wearable electronic textiles (e-textiles) are of great interest for personalized healthcare applications'™ as
they are flexible, comfortable, and lightweight as well as maintaining the desirable electrical property.”” In
recent years, wearable sensors integrated into clothing have widely been investigated as reliable platforms
for monitoring biomedical,® physiological,” and biomimetic® signals. Several e-textile platforms were re-
ported to capture and monitor physiological signals from the human body,” including body temperature, "
oxygen saturation level,'" heart rate,’ and human body motion.”"® Both yarn and fabric-based sensors
have been employed to produce such wearable e-textile sensors.'*~"” Despite that the amount and posi-
tion of conductive materials in the whole configuration vary from one study to another, the performances of
e-textile sensors mainly depend on the electrical conductivity of nano-micro materials deposited on tex-
tiles, and the flexibility of textile substrates.'®'”

Carbonaceous materials such as graphene and carbon nanotubes (CNT) have widely been used as electri-
cally conductive materials for e-textiles applications,”® due to their advantages including excellent electri-
cal conductivity,”’~** good mechanical properties” ¢ and high specific surface area.”’"”® However, the
performances of e-textile sensors based on carbonaceous materials can easily be influenced by external
stimuli such as the room temperature,” oxidation,*° corrosion,’’ abrasion®” and washing33 of conductive
materials. Researchers have developed various methods to overcome such limitations. For instance, Kim
et al. prepared boron-coated multi-walled CNT which maintains superior conductivity even at 1000 °C.*
Joh et al. used PET and PDMS layers to cover conductive materials to prevent the effect of water and ox-
ygen.”® Zhou et al. bridged CNT to PDMS with a silane coupling agent (KH550) to realize the stable adhe-
sion of conductive materials to the substrate.>® However, there remain several challenges that need to be
addressed to produce robust and reliable wearable e-textiles. The conductivity and durability of graphene-
based materials need further improvements to enable the detection of fine actions of the human body.”’
Additionally, the fatigue of the sensor caused by the abrasion during its long-term service is a great concern
for such e-textiles.*® Furthermore, the polymer coatings lead to an increase in the thickness, which
adversely affects the mechanical properties of the sensor, such as flexibility, elasticity, and recoverability‘”
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The doping of graphene structure with nitrogen atoms has been proven to be a feasible method to improve
its conductivity.”” The blending of graphene sheets with CNT is another way to realize improved conduc-
tivity, as CNT can bridge graphene sheets to promote electron migrations.”’ However, the poor binding
strength between substrate materials and carbon-based materials leads to poor washability, durability,
and occurrence of hysteresis.*” Filling carbonaceous nanomaterials into the matrices is a feasible way to
fabricate continuous fibers or filaments with satisfied conductivity. For instance, carbon-based nanofillers
can be integrated into polyethylene matrices via coaxial electrospinning to fabricate thermal conductive
nanofibers.”” Besides, rGO and MXene can be injected into polypropylene tubes to shape these nanocar-
bon materials into fiber-like carbonaceous hybrids for potential wearable supercapacitor applications.**
Silicon rubber could be a potential solution as a substrate to mix or cover the conductive materials to
form the e-textile due to their good stretchability, flexibility*>*® and elastic recovery.”” Meanwhile, the hol-
low tube can act as a mold to model the nanocarbon fillers in a continuous shape. These advantages ensure
good mechanical performances of wearable sensors as well as protecting the continuous conductive ma-
terials from abrasion, oxidation, and water.*® In addition, from the perspective of commercial application,
the durability of the sensor can be dramatically improved, thus, the use cost of this sensor can also be low-
ered. Moreover, using the silicon rubber as the container to cover the conductive powder has more advan-
tages over the mixing method due to the fact that mixing the conductive powder with the silicon rubber
directly would have an adverse effect on the mechanical properties of the final e-textile, and the sensitivity
of the e-textile can be tailored by adjusting the quantity and compression degree of the conductive pow-
der. Meanwhile, the conductive powder filled inside the matrix can support the outer layer of the matrix and
reduce its deformation extent, thus, balancing deformation with recovery and enhancing the reproduc-
ibility and stability of the sensor. Compared with liquid-phase and paste-like filling materials, the solid-
state conductive powder has higher rigidity. By filling these solid substances into the matrix, the hysteresis
effect can be weakened as the extent of deformation can be further reduced.

In this study, N-doped rGO and PDA-coated CNT (PDA@CNT) were separately prepared and then blended
together to form a mixed powder with enhanced conductivity. The PDA layer formed on CNTs enhances
the adhesion between CNT and graphene sheets and improves the stability of the mixture. The rGO/
PDA@CNT hybrid powder was then covered by silicon rubber and mixed with Ecoflex to fabricate flexible
e-textile sensors. Doping nitrogen sources can improve the conductivity of hybrid carbon materials-based
wearable e-textiles, while the silicon substrates protect them from abrasion, ensuring prolonged service life
of the wearable sensors. The as-prepared conductive silicon rubber tube (CSRT) was mounted on the
elastic Lycra vest via a tailored fiber placement (TFP) embroidery technique. It provides good firmness
and realizes the fixation of filaments at desired positions with variable structures. The sensor was then
able to monitor the wearer's signals of respiration and heart rate.

RESULTS AND DISCUSSION

Characterization

CNT has an average radius of approximately 50 nm (Figure 1B). It can be observed from the combined map-
ping results (Figure 1C) that nitrogen atoms are evenly scattered on the CNT surface after the coating pro-
cess, indicating successful self-polymerization of dopamine on CNTs. This is consistent with the appear-
ance of a nitrogen peak at ~400 eV in the overall XPS spectrum (Figure 1G) of the mixed powder. By
further comparing the obtained and the peaks reported in the literature, the peaks at the binding energy
of ~400.4 and ~398.4 eV (Figure 1H) can be assigned to the pyrrolic N and pyridinic N, respectively. Simi-
larly, the peaks at the 20 of 26.0° and 42.6° (Figure 11) can be assigned to (002) and (100) planes of CNTs,?%*!
respectively. The results from XPS and XRD jointly indicate the existence of PDA coverage on CNTs. How-
ever, no obvious trace of N-doped rGO can be observed from the SEM image of the mixed powder (insetin
Figure 11) as the content ratio of N-doped rGO in the filling material is relatively low. This is also reflected by
the fact that no prominent diffraction peaks of amorphous graphene were observed in the XRD spectrum of
filling materials (Figure 11).

Sensing capability/electro-mechanical characterization of CSRT and CEF filaments

To assess the sensing capability, CSRT (1.14 S/m) and conductive Ecoflex filament, CEF (0.24 S/m) filaments
were subjected to a single compression test (Figures 2A-2F). The changes in the resistance of filaments
were measured and recorded via the NI-9219 data acquisition card (National instrument, USA). Linear cor-
relations between the resistance of the CSRT as well as CEF and the compression force applied to the sen-
sors can be clearly observed (Figure 2A and 2D). It is notable that an open circuit occurs for CEF when the
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Figure 1. Characterization results of CSRT
(A) TEM image of the PDA@CNT.

(B) HAADF image of CSRT.

(C) Mapping results of CSRT.

(D) TEM image of CSRT.

(E and F) CNTs in the CSRT.

(G) Wide scan XPS spectrum.

(H) high-resolution spectrum of N1s.

(1) XRD spectrum and SEM (inset) of the mixed powder of PDA@CNT and N-doped rGO.

compression force reaches 38.2 N (Figures 2D and 2E). The open circuit can be attributed to the structural
difference between the two filaments (Figure 2D). When the compression force is applied to those two fil-
aments, CEF would become a totally flat two-dimensional structure due to the lower rigidity and softer
texture. However, the filling conductive powder inside CSRT will be more tightly compressed while its
three-dimensional structure still remains. Specifically, a breakpoint inside the CEF may occur when the
force is applied to the filament, leading to the compression of filling materials inside it and sliding of par-
ticles against the stress point. Therefore, a clear negative correlation between the resistance of CSRT and
the applied compression force can be observed, while the correlation turned positive in the case of CEF.

As presented in Figure S4A, the compression strain curves as the function of force overlap well when the
force increased stepwise from 10 to 40 N, indicating stable responsiveness of CSRT to dynamic compres-
sion load. However, distinct steps can be observed in the compression strain curves of CEF when the force
increased at the intervals of 10 N, suggesting that the CEF deformed and rebounded at different speeds
and to different extents when the force changed stepwise. Moreover, wider gaps between the compression
and compression back sections can be observed in the compression curves of CEF, reflecting severe hys-
teresis that CEF exhibited during its compression-recovery cycles. The compressive deformation of CSRT
includes the deformation of the silicon rubber tube and the compression of the conductive powder inside.
However, as the CEF is made from the Ecoflex blended with the sparsely dispersed conductive nanopar-
ticles which barely affect the strength of the matrix, its deformation and recovery depend mainly on the
flexibility of the matrix itself. When the same compression load is applied, the compression strain of
CSRT is smaller than CEF as the solid conductive powder inside the CSRT can support the rubber matrix
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Figure 2. Electro-mechanical test results of CSRT and CEF filaments

) A single compression test result of CSRT filament from 0 to 40 N.

B) A stepped compression cyclic test result of CSRT.

Q)
)

(A

(

(C) A stepped quasi-static test result of CSRT filament.
(D,
(

(

A single compression test result of CEF filament from 0 to 40 N.
E) A stepped compression cyclic test result of CEF.
F) A stepped quasi-static test result of CEF filament.

against further compression. When the compression load is removed, the CSRT can rapidly recover to its
original shape due to its lower compression strain. This narrows the hysteresis caused by the unsynchro-
nized deformation and recovery speed.

Table S1shows the comparison of the CSRT and CEF with the previous studies. The CSRT and CEF filament

277 which is significantly higher

present a larger working range than that reported in the previous studies,
than general wearable pressure.®” Additionally, they indicate a relatively higher sensitivity as a conductive
yarn compared to previous studies.’”*%"*? Moreover, the signal output of the CSRT filament was stable
and repeatable, and its flexibility and bendability demonstrate its excellent capability as a wearable

filament.

Figures 2B and 2E show the stepped cyclic test results for the CSRT and CEF. The compression force was
increased from 10N to 40N with the same compression speed employed in the single test. During the cyclic
test, CSRT presented excellent durability and stability, and the resistance of CSRT was not changed signif-
icantly before and after the test. It can be seen from Figures 2B and 2E that the deformation speed of CEF is
faster than that of CSRT. Due to the relatively lower rigidity and recovery speed, the cyclic result of CEF is
unstable, especially when the load is around 38.2 N. The changes in resistance of CEF suddenly increased
from 1300% to 1600-1800%, and then an open circuit occurred. However, the open circuit happened when-
ever the compression force reached ~38.2 N during the cyclic test, which means that it can be used as an
open circuit alarm.

Figures 2C and 2F exhibit quasi-static test results of those two filaments. The tensile machine will keep the
compression load for 1 min at 10N, 20N, 30N, and 40N for CSRT, and at 10N, 20N, 30N, and 37.5N for CEF.
Both filaments demonstrate good stability during this test, especially when the compression force is over
20N. However, when the compression is lower than 20N, it takes more than 10 s for their resistance to
become stable.
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Figure 3. Bending test result of CSRT and CEF filaments

(A) Bending and bending back result of CSRT filament with error band.
(B) Bending and bending back result of CEF filament with error band.
(C) Optical image of the CSRT filament during the bending test.

(D) Bending cyclic test result of CSRT filament.

(E) Bending cyclic test result of CEF filament.

(F) 3000 times cyclic test result of CEF and CSRT filament.

Performance and flexibility of CSRT and CEF filaments

The flexibility of the as-prepared graphene-CNT-based CSRT and CEF filaments was further investigated.
Figures 3A and 3B show the changes in resistances per total length of CSRT and CEF filaments at various
bending positions with concave down at various cord lengths (Figure 3C). The cord lengths were controlled
with the tensile tester. Here, the cord length is defined as the distance between the tensile tester grips for
the filament material under investigation.®>** As seen in Figure 3A, a repeatable response in forward
(bending) and reverse (bending back) directions was observed. Similarly, for the CEF, the change in resis-
tance was repeatable in both the forward (bending) and reverse (bending back) directions (Figure 3B).

When Figure 3A and 3B are compared, the error band of the CSRT is relatively smaller than that of CEF,
especially at the beginning of the bending process. Moreover, the hysteresis gap between bending and
bending back is narrowed when the conductive powder was filled into the silicon rubber tube (Figure 3A).
These results indicate that the CSRT has better repeatability and stability. Unlike the compression test,
where the change in resistance of CEF increased with the increase of the load, a negative correlation be-
tween the resistance of the CEF and its cord length for bending was observed. This may be due to the lower
rigidity of the Ecoflex exhibited during the bending test. More specifically, Ecoflex is soft and easy to be
bended; hence there is no significant change in the radius of cross-section and volume at the bending
point, while the conductive powder inside the CEF was compressed and became closer, facilitating the cur-
rent flow, which would lead to the decrease in the resistance of the CEF.

After this, 10 cycles and 3000 cycles of bending cyclic tests were carried out for both filaments (Figures 3D-3F).
This can be observed in Figures 3A and 3D, the resistance of the CSRT changed slightly at the beginning of the
bending process, and the resistance of it decreased significantly from 30 to 10 mm, especially 25-15 mm. It can
be alsofound that comparedto CSRT, the CEF's AR/Rq reversed much quickly at the lowest points (also points of
40-mm cord length) as the curves of CEF is non-differentiable at these lowest points of AR/Rq (Figure 3E). From
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Figure 4. Respiratory signal sensing of the CSRT and CEF sensors

(A) Image of the subject placed the sensor under the elastic band on the below chest location.

(B) Resistance of CSRT variation due to respiration.
(C) Resistance of CEF variation due to respiration.

the perspective of integration, this non-differentiable nature of the CEF's lowest AR/Rq points means that the
CEF exhibited higher sensitivity (higher absolute value of AR/Rg compared to CSRT) at the beginning of the
bending process. However, it exhibited lower sensitivity at the end of the bending process as the absolute value
of CEF’s AR/Ry increased at a slightly lower speed than that of CSRT.

Figure 3F is the 3000 cycles bending cyclic test results of the two filaments, the changes in resistance were
recorded whenever the cord length reaches 40 mm (straight filament). It can be clearly seen that the resis-
tance of the CSRT is more stable during the long-term cyclic test (AR/Rq is around 0.02% to —0.15%), while
that of CEF is scattered (AR/Rg is around 0.34% to —0.94%).

Furthermore, a series of joints activities monitoring tests were carried out to investigate the bendability,
reliability, and capability of the CSRT and CEF to monitor human activities. The experimental produces
along with corresponding results (presented in Figure S7) and the discussion of the tests are placed in Sup-
porting Information.

Respiration monitoring capability of CSRT and CEF filaments

To investigate the bio-signal sensing performance of those two filaments for real-life implications, they
were further tested as breathing sensor. They were placed under an elastic band (Figure 4A) around the
chest location. The NI-9219 data acquisition card was connected with filaments to record the changes in
the resistance during the breathing test. The breathing test started with normal breath; the subject
stopped breathing for a few seconds after 10-12 breathes, and then continued to breathe deeply. After
10-12 deep breathes, the subject started a fast-breathing and the responses of those two filaments to
the fast breathing were recorded (as shown in Figures 4B and 4C). During the three-step breathing test,
both sensors performed well with excellent stability and outstanding response speed during the fast-
breathing test. Although, the changes in resistance fluctuate a little bit during the test, which may be
due to not being able to maintain the same breath range by the subject during the test. Nevertheless,
such results can still demonstrate that the conductive sensors are capable of bio-signal sensing.

During all the tests above, the CSRT represents a relatively much better performance as a sensor, as it
shows relatively more stable signal output, fast recovery speed, and higher sensitivity during the compres-
sion and bending test. As for the CEF, it exhibits a good elasticity and relatively greater changes in resis-
tance during the tests, however, the strength and recovery speed of the CEF were significantly weakened
due to added PDA@CNT and N-doped graphene powder. Also, the quantity of the conductive powder has
a great influence on not only the mechanical properties of CEF but also the electro-mechanical properties.
Although it shows a relatively unstable signal output, it presents a stable break circuit when the load arrives
at a specific value during the cyclic tests, which exhibits its capability as an open-circuit alarm material.

Comparison of the CSRT structures

Itis worth mentioning that we observed lower sensitivity and unstable signal output when the compression
load was maintained at lower level. This unstable performance might be caused by gaps in the conductive
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Figure 5. Simulation of the effect of bending on the strain of the CSRT obtained in ABAQUS

(A) Strain distribution of the bended CSRT. Strain distribution on the (B) outer surface and (C) inner surface of the bended
CSRT. Strain distribution on the (D) outer surface and (E) inner surface of the conductive powder unit within the bended
CSRT.

powder, the CSRT displays an insensitive response to the pressure applied as the conductive powder was
first compressed. Once the force applied exceeds this insensitive range, the CSRT exhibits a sharp
response to the force as its electrical resistance changes rapidly since the gaps have disappeared. There-
fore, to eliminate this insensitive working range in real-life application, the CSRT was bended into three
different shapes to fully compress the conductive powder loaded in it.

To reveal the impact of bending force within the CSRT, the process of bending the CSRT into a “U" shape
was simulated in ABAQUS. As Figure 5A shows, bending the CSRT into the “U" shape caused the increase
of strain within the arch section of the bended CSRT sample. More specifically, the outer and inner surfaces
of the bended CSRT underwent obvious stretch (Figure 5B) and compress (Figure 5C), respectively. As the
gaps between the tubes and the stainless rods were sealed by Ecoflex, the conductive powder inside the
tube cannot overflow alongside the axis direction of the tube. When the CSRT was bended, the inner sur-
face of the conductive powder was densely compressed (Figure 5E) due to the force applied by the tube. It
is also notable that the strain of the outer surface of the conductive powder section (Figure 5D) was not
dramatically increased to the extent of that observed from the surface of the tube (Figure 5B). The possible
reason is that the top area of the conductive powder unit turns relatively sparser when itis shapedinto a “U"”
pattern during the bending of the CSRT. Overall, the simulation results confirm that the bending action
provided the pre-load for the CSRT.

However, when more bending arcs are formed, the rigidity of the CSRT will become higher, and the recov-
ery speed will become lower which might lead to an unstable resistance curve during the tests. Therefore,
three structures (P1, P2, and P3) were designed and manufactured by TFP (Figure 6A), which were tested
under the same condition as the straight CSRT.

Figure 6B illustrates the single compression test results of three structures. Figure 6B shows that all three
structures, particularly P3, can improve the sensitivity significantly, when the compression load is under
10N. However, when the force exceeds 10N, the changes in resistance of P3 are not apparent (resistance
changes from 60% at 10N to 70% at 40N). It may be due to two arcs push the conductive powders from
two sides to the middle area of the structure which can provide higher pre-loads than the other two
structures.

Figures 6C-6E indicate the stepped cyclic test results of the three structures, and Figures 6F-6H summarize
the stepped long-term stability test results of those three structures. Compared to the straight CSRT, the
sensitivity of the three structures from 0 to 5N, increased from 0.01 N t00.052 N"",0.09 N", and 0.048 N".
Compared to P2 and P3, P1 shows relatively higher stability and repeatability. There was not a significant
drift during both the cyclic test and long-term stability test of structure 1. Moreover, there is a clear differ-
ence in the resistance of structure 1 between each load step.

In contrast, the changes in resistance of P2 and P3 fluctuated during the cyclic tests. Although the resistance
of P2 did not present an evident drift during the stepped long-term stability tests like P3, the resistance of
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Figure 6. Electro-mechanical test results of the three different structures
(A) CSRT in three different structures.

(B) Single compression test results of the three structures from 0 to 40N.

(C-E) Stepped cyclic test results of the three structures, respectively.

(F-H) Stepped quasi-static test results of the three structures, respectively.

P2 did not describe a clear difference when the compression load reached 30N and 40N. Figure 6D shows
that the changes in resistance of P2 at 30N and 40N loads were almost the same, which might have a sig-
nificant influence on the final applications.

Compared to P2 and P3, P1 exhibits excellent stability of signal output and a more linear resistance-to-
force correlation. Moreover, P1 shows a significantly higher sensitivity compared to straight CSRT while
the load is under 10 N. Although, P2 presents a relatively most heightened sensitivity at lower compression
force, its durability and stability are lower than P1. As discussed above, the resistance of P2 did not exhibit a
clear difference when the load reached 30N and 40N.

Respiratory and pulse signal sensing

In order to investigate the bio-sensing capability of the P1 sensor, it was used to detect and measure the
pulse and cardiac signals in addition to the breathing test. Figure 7A shows the changes in resistance of P1
during the respiration process. Similar to the straight CSRT, it offers good capability of detecting breathing
signals and the collected respiration data was stable without observing any noise.
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Figure 7. Respiratory and pulse signal captured by P1

(A) Respiratory signal captured by P1.

(B) Image of the sensor under the wrist during the pulse signal measuring.
(C) Pulse signal captured by P1.

(D) Expanded version of (c) from Os to 14 s.

(E) Expanded version of (c) from 45 s to 65 s.

(F) Expanded version of (c) from 80 s to 100 s.

The sensor was then placed between the right part of the wrist and a wooden cube as shown in Figure 7B
(Video S1). Figures 7D-7F show the change in resistance due to the wrist pulse for a selected section of total
2 min pulse recorded. During the test, it was found that whenever the subject breathed, the changes in
resistance of the sensor increased suddenly (the red line in Figures 7D-7F), which may be due to the fact
that the wrist was placed on the wooden cube. Therefore, every time the subject breathes, the wrist of
the subject will apply a slight compression force on the sensor. To verify the data fluctuations were caused
by the breath of subject, the subject breath 5 times quickly (the green waves in Figure 7F). It can clearly be
seen that the sensor could capture both respiration signal and pulse signal. In addition, the pulse signals
captured during the subject was holding his breath could be clearly observed. Although the trend of the
resistance has a sharp drift due to the respiration, it still exhibits the high sensitivity of small bio-signal
sensing. In order to eliminate the error caused by wrist movement during respiration, and to assess the sen-
sors’ capability of minor simulation/movement detection, the sensor was placed under an elastic band to
measure the cardiorespiratory signals.

Cardiorespiratory signal sensing

To capture clean and integral bio-signals and eliminate noise/interferences, the sampling rate of the NI-
9219 data acquisition card was set from 10 to 50 Hz. Additionally, a bandpass filter was applied to improve
the reliability of the signal output of the sensor. The heartbeat rate varies from person to person, usually
60-100 times per min, namely 1 to 1.67 Hz. Considering the cardiac patients and athletes, the bandpass
filter was set from 0.8 to 2 Hz for cardiac signal capturing. The cardiorespiratory test was carried out on
two healthy male volunteers. During the cardiorespiratory test, Subject 1 breathed for around 3 min and
then held his breath as long as he could (Video S2) while Subject 2 breathed every 10-15s.

Figures 8A and 8B show the cardiorespiratory monitoring results of Subject 1 before and after filter.
Figures 8F and 8G show the cardiorespiratory monitoring results of Subject 2 before and after filter. It
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Figure 8. P1 cardiorespiratory signal sensing results

(A) Subject 1's cardiorespiratory signal captured by P1 without bandpass filter.

(B) Subject 1's cardiorespiratory signal captured by P1 with bandpass filter.

(C) Expanded version of (B) from 30 s to 90 s.

(D) Expanded version of (B) from 160 s to 200 s.

(E) Image of Subject 2 placed the P1 under the elastic band on the chest location.
(F) Subject 2's cardiorespiratory signal captured by P1 without bandpass filter.

(G) Subject 2's cardiorespiratory signal captured by P1 with bandpass filter.

(H) Expanded version of (G) from 60 s to 90's.

(I) Expanded version of (G) from 150 s to 180 s.

shows that the bandpass filter helps to filter noises/interferences and makes both the cardiac signal and
respiration signal more visible. Figures 8C and 8D show the change in resistance due to the cardiorespira-
tory for a selected section of Figure 8B. Figures 8H and 8l show the change in resistance due to the cardio-
respiratory for a selected section of Figure 8F. Figure 8D exhibits a highly stable and clear cardiac signal
captured by the sensors when the subject held his breath, which demonstrates the high sensitivity of the
sensor. Figures 8H and 8l show that sensors can detect both cardiac and respiration signals at the same
time. After each breath, the cardiac signals can clearly be monitored by the sensor. Even when the subject
breathed normally (as shown in Figure 8C), the sensor is still capable of detecting cardiac signals clearly
which shows the superior response speed and high sensitivity of the sensor. It can be clearly observed
from Figures 8H and 8l that after each deep breath, the heart rate will decrease and then back to normal.
It might be due to respiratory sinus arrhythmia, when the subject inhales and exhales, the heart rate will
increase and decrease, respectively. Slight differences can be detected and measured by the sensor, which
demonstrates higher accuracy and reliability of the sensor which provides the possibility of monitoring of
patient’s health at home.
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Figure 9. Cardiorespiratory signal captured by P1 on the Lycra vest

(A) Image of Subject 2 wearing the Lycra vest.

(B) Subject 2's cardiorespiratory signal captured by sensor without bandpass filter.
(C) Subject 2's cardiorespiratory signal captured by the sensor with bandpass filter.

Tightly fitting the sensor to the chest of the subject or improving the sensitivity of the sensor can improve the
accuracy of cardiorespiratory signal monitoring. Although these two points can be easily realized by utilizing
the elastic band, the pressure caused by tight binding may cause inconvenience and discomfort for the wearer.

To consider the capability of the CSRT for daily bio-signal monitoring without the elastic band, the CSRT
sensor was sewed onto a vest via the tailored fiber placement (TFP) technique. The main advantage of the
TFP is that the upper sewing thread and substrate fabric/cloth can also provide equivalent compression to
the CSRT placed in between. Besides, as evidenced by the results of finite element analysis (Figure 5), when
the CSRT was sewed onto the substrate in different bended shapes, more pre-loads to it can be generated
to improve the sensitivity of the CSRT. Therefore, to investigate the capability of the sensor sensing the car-
diac signal without the elastic band, the CSRT was fixed on a Lycra vest at the chest location by the tailored
fiber placement technique (Figure 9A).

Same as the above test, the subject worn this Lycra vest and the resistance of the sensor was measured and
record by the NI-9219 data acquisition card (Video S3), also the bandpass filter was used to reduce the
noise during the cardiac signal-capturing process. Figures 9B and 9C show the test results before and after
the filter. It can be clearly seen that, even without the help of the elastic band, the CSRT sensor can still cap-
ture the respiratory and cardiac signals. And the same situation can be clearly noticed in Figure 9C that
when the subject exhaled, the heart rate decreased.

Figures 8 and 9 exhibit the capability of the CSRT sensor to capture the cardiorespiratory signal with and
without the help of the elastic band. The experiments reveal that this CSRT sensor can capture clear cardiac
signals while the subject was holding his breath, slow breathing, and normal breathing. Therefore, it is
evident that this CSRT sensor has the capability to measure and monitor the cardiorespiratory signal as
a wearable sensor. It is worth mentioning that the whole fabrication process of the CSRT took only
30 min for vacuum filling and further 30 min for the evaporation of water from the paste. The total time
for the fabrication process can further be shortened with the use of the industrial vacuum instrument.
Therefore, by ensuring the supply of adequate conductive paste and silicon rubber tubes, the CSRT can
be manufactured continuously for large-scale industrial production. This manufacturing technique also fea-
tures high reuse rate of the residual paste. The high durability and electro-mechanical performance of the
CSRT thus ensures its potential commercial value.

Conclusion

In summary, two different conductive filament sensors were fabricated by using the N-doped rGO and
PDA@CNT mixed powders (Figure 10). The CSRT exhibited excellent durability and sensitivity as well as
lowered hysteresis during all the tests, while the CEF expressed relatively unstable and lower repeatability
during the same tests. Also, the working range (strength) and the recovery speed of the CEF were relatively
worse than the CSRT. However, the CEF still shows the ability being an open circuit alarm, the breakpoint
would occur every time when the load reach ~38.2 N.

10 20 30 40 50 60 70 80

Time (s)
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To improve the sensitivity of the CSRT to sense slightly force, it was shaped into different structures via the
tailored fiber placement technique. The finite element analysis results confirmed that bending curves of the
sensor structure could provide a pre-load to the sensor, then improve the ability to sense slight movement
or simulate (the sensitivity of the three structures improved 4-9 times than straight filament); especially the
one bending curve structure exhibits excellent sensitivity of slight movement/simulate, and the good
response speed and repeatability. Moreover, it represents the capability of human bio-signal sensing,
especially the cardiorespiratory signal. The sensor was tested under different respiration speeds, under
each situation, it could capture and monitor reliable, stable, and precise breathing as well as cardiac sig-
nals. Finally, the sensor was fixed on a vest, it still exhibited high sensitivity and accuracy for bio-signal
sensing even without the help of any elastic band. The above results demonstrate that the CSRT sensor
would be an essential step toward realizing the bio-signal sensing of wearable e-textile for next-generation
health care devices. Moreover, once the CSRT is prepared for mass production, the continuous CSRT can
be cut into shorter pieces with different lengths as required, thus providing tailor-made choices for poten-
tial customers.

Limitations of the study

In this article, we fabricated the conductive silicon rubber tube by filling PDA@CNT and N-doped rGO ma-
trix inside the silicon rubber tube. It shows excellent durability, stability, and sensitivity. In addition, its
sensitivity can be adjusted by bending the conductive silicon rubber tube to different angles. Due to the
silicon rubber tube chose in this article having a relatively higher rigidity lower extendibility, the conductive
silicon rubber tube did not exhibit the sensibility of strain. It is worth noting that choosing an elastic material
with higher softness and better ductility as the substrate will result in a decrease in the recoverability of the
final sensor as well as the occurrence of deepened hysteresis, which has been observed in the results of
CEF. Moreover, the filling conductive materials are dried PDA@CNT and N-doped rGO powders, it might
lead to an open-circuit or unstable signal output during the tensile test.
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Tris(hydroxymethyl)aminomethane Meryer (Shanghai, China) Cat#M26450; CAS no. 77-86-1
Dopamine hydrochloride Aladdin (Shanghai, China) Cat#D103111; CAS no. 62-31-7
Graphene oxide suspension Macklin Inc (Shanghai, China) Cat#5926159; CAS no. 7782-42-5
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Zhong Zhao (zzhao@wtu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The published article includes all data generated or analyzed during this study.

METHOD DETAILS

Preparation of conductive silicon rubber tube

Urea was employed as the nitrogen source to dope rGO following a modified process reported by Yousaf
et al.°® As demonstrated in Figure 10, 3 g urea was dissolved in 50 mL graphene oxide (GO) suspension
(2 mg/mL) under sonification for 30 min. Nitrogen doping of GO was carried out by transferring the suspen-
sion into an autoclave and subjecting it to hydrothermal reaction at 180 °C for 5 h. After the hydrothermal
reaction, the N-doped GO in the suspension was collected via centrifugation and then thoroughly rinsed
with deionized water. Finally, N-doped GO was dispersed in L-ascorbic acid solution and reduced to
N-doped rGO by heating the dispersion at 85 °C for 2 h.

2 g dopamine hydrochloride was dissolved in 1 L deionized water. The pH of the dopamine solution was
then buffered to ~8.5 by dissolving 1.2 g Tris(hydroxymethyl) aminomethane in it. 1 g CNTs was subse-
quently dispersed into the dopamine solution. Dopamine formed a polydopamine (PDA) layer on the
CNTs by dispersing CNTs into the dopamine hydrochloride solution under sonication for 30 min. The
PDA coated CNTs (PDA@CNT) were collected via vacuum filtration. Finally, the collected solid was rinsed
with deionized water to remove the excess chemicals and dried in dark at room temperature.

0.2 g N-doped rGO and 1 g PDA@CNT were added into 20 mL ethanol. The mixture was then subjected to
vigorous sonication to form a suspension of the two materials. Finally, a paste was obtained by reducing the
volume of the suspension to 10 mL through the evaporation of ethanol, which was realized by heating the
suspension at 60 °C for 10 min in an oven. The paste was employed as the filling material and loaded into
the pore of the silicon rubber tube via vacuum filling. When this vacuum filling process was duplicated in the
industrial level, the conductive paste can be loaded into longer silicon rubber tube to manufact continuous
CSRT efficiently. A relatively large inner diameter of the tube will result in the adhesion of the powder only
onto the inner wall, while a relatively small inner diameter will cause the insufficient loading amount of the
powder. Therefore, to ensure sufficient amount of powder loaded into the tube and balance the flexibility
of the tube, a silicon rubber tube with the outer and inner diameters of 2 and 1 mm were used as the
container. Two stainless-steel rods with the diameter of 1.5 mm and the conductivity of 2.83 S/m were
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inserted 5 mm into the two ends of CSRT. The seams between the silicon rubber tube and the stainless-
steel rods were sealed with Ecoflex to avoid the leakage of the conductive powder.

To reveal the influence of the structure of the silicon rubber tube on the performance of the sensor, a similar
filament with the matrix of Ecoflex was set as control and tested along with the CSRT filament during the
compression, bending and respiratory tests. Specifically, 1 g mixed powder comprised of the N-doped
rGO and PDA@CNT (w/w = 1: 5) was dispersed into 10 mL A and B components of Ecoflex, respectively.
The two dispersions were then mixed together via manual stirring and loaded into a syringe which was
then pre-heated to 70 °C. The Ecoflex elastomer was then extruded from the syringe and immersed into
a hot water bath (70 °C) for curing. A piece of CEF featuring a diameter of 2 mm and even distribution
of the mixed powder in it was obtained after retrieving the cured Ecoflex sample from the water bath
and drying it at 50 °C. The prominent flexibility of CSRT (Figure 3A) ensures the wearable characteristic
of the tube-shaped composite while doping rGO with nitrogen is beneficial for the further improvement
of its conductivity (Figure S5), making CSRT the candidate for the sensor with subtle action sensing ability.

Characterization

The PDA@CNT was scanned by a Talos F200x TEM (FEI, USA) to examine the coverage of PDA on the CNTs.
To further reveal the composition of PDA@CNT, mapping of the elements was conducted using a Super-X
EDS analyzer equipped with the TEM. The morphology of the filling material was characterized via a
GeminiSEM 300 SEM (ZEISS, Germany), while its composition was analyzed by a ESCALAB Xi+ XPS analyzer
(Thermo Fisher Scientific, USA) and a D8 Advance X-ray diffractor (Bruker, Germany).

Sensing performance of the CSRT and CEF

The electro-mechanical properties of the prepared two sensors were carried out using a 507A computer-
ized tensile testing machine (DongRiinstrument Co., Ltd., China). Specifically, the CSRT or CEF were tightly
compressed by the two compression boards of a 507A computerized tensile testing machine. The sensor
was then compressed by keeping the lower board stationary and moving the upper board downwards at a
speed of 2 mm/min (Figure S8). 0-40 N compression force was applied on the sensors for the single and
stepped cyclic tests.

The sensitivity (S) of a piezoresistive sensor is an essential parameter for the assessment of the device per-
formance and was characterized using the following equation:

5= AR q00%=R=Fo
Ro

x 100%
0

where AR denote the resistance change before and after load applied, R and Rg denotes the loaded and
unloaded samples’ resistances, respectively. Various cord lengths were used during the bending test to
measure the changes in resistance of CSRT and CEF sensors (40 mm). The cord length of the sensor was
controlled by adjusting the distance between the two holders of the tensile machine. A certain length of
the CSRT and CEF sensor (40 mm) were placed under an elastic band on the lower chest location of two
participants for the respiratory and heart beat signal capturing. The changes in the resistance of the sensor
during the mechanical tests on the tensile machine, bending tests on the machine, heart beat and respira-
tion monitoring were measured and recorded via a half-bridge circuit built in a NI-9219 data acquisition
card (National instrument, USA). Approval of the publication of cardiorespiratory data has been granted
by both the two participants.

Modelling and pre-load analysis in ABAQUS

A cylinder model (Figure Sé) featuring a tube and a finer cylinder whose diameter fits exactly the inner diam-
eter of the tube was established in ABAQUS. The finer cylinder was mounted in the center of the tube to
simulate the core-sheath structure of the silicon rubber tube filled with conductive powder. The finer cyl-
inder was shorter than the tube while their difference in length was compensated by two shorter rods
whose one end was in close contact with the end faces of the finer cylinder. The two rods stick out from
each end of the tube and act as the electrodes of the sensor. To simulate the intrinsic mechanical properties
of silicon rubber, powder and stainless steel, the materials of the tube, the finer cylinder and the rods were
set as isotropic hyper-elastic solid with the C10 value of 0.02264 and the D1 value of 0,°® isotropic elastic
solid with the Young's modulus of 0.05 and Poisson’s ratio of 0.4, and uniform solid with the mass density
of 7.8 x 1077, respectively. The linear model was then bended into a “U” shape and the strain inside the
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tube and the equivalent conductive powder unit was calculated using ABAQUS/Explicit. The damping
approximation quasi-static analysis was employed to eliminate the vibration during the bending process.

Fabrication of the embroidered sensor and bio-signal sensing

The CSRT was fixed on the cotton woven fabric as different structures by using the creative 1.5 Cherry
computerized embroidery machine (PFAFF, Germany). Tailored fiber placement (TFP) presser foot was
used to place the CSRT yarn on the substrate fabric. The TFP structures were subjected to compression
tests under the same conditions specified in (Figure 2). The structure with relatively better performance
was selected and used to capture bio-signals. Sensor was mounted on the below chest and chest location
to measure the breath and heartbeat signals respectively, and it was placed under the wrist to detect the
pulse signals. Finally, the sensor was fixed on a Lycra vest on the chest location to measure the cardiore-
spiratory signals without the elastic band. The changes in resistance of the embroidered sensor during
the mechanical tests and the bio-signal sensing on the human body were measured and recorded via
the half-bridge circuit provided by the NI-9219 data acquisition card.

18 iScience 26, 106403, April 21, 2023

iScience



	ISCI106403_proof_v26i4.pdf
	Highly sensitive and extremely durable wearable e-textiles of graphene/carbon nanotube hybrid for cardiorespiratory monitoring
	Introduction
	Results and discussion
	Characterization
	Sensing capability/electro-mechanical characterization of CSRT and CEF filaments
	Performance and flexibility of CSRT and CEF filaments
	Respiration monitoring capability of CSRT and CEF filaments
	Comparison of the CSRT structures
	Respiratory and pulse signal sensing
	Cardiorespiratory signal sensing
	Conclusion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Preparation of conductive silicon rubber tube
	Characterization
	Sensing performance of the CSRT and CEF
	Modelling and pre-load analysis in ABAQUS
	Fabrication of the embroidered sensor and bio-signal sensing





